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Preface

Both Geological Survey of Japan (GSJ) and United States Geological Survey (USGS) 
have been leading the paleoseismological research in each country. After the 1995 Kobe 
earthquake, GSJ has expanded its researchers and funding for the paleoseismology 
program, particularly for trenching surveys of active faults. USGS recently started 
BAYPEX program, in which active faults in the Bay Area will be studied in detail. Both 
institutions have been collaborating on paleoseismological research across the Pacific. 
For example, geological evidence in Washington and Oregon postulated a giant 
earthquake along the Cascadia Subduction Zone about 300 years ago. From tsunami 
damage recorded in Japanese historical documents, the date of the earthquake is known 
as January 26, 1700.

GSJ and USGS recently started the Twin Institute Program on earthquake research 
supported by Agency of Industrial Science and Technology, Ministry of International 
Trade and Industry of Japan. As a part of this activity, International Workshop on 
Paleoseismology was held at Geological Survey of Japan, Tsukuba, on March 15, 1999. 
Ten oral presentations and sixteen poster presentations with brief oral introductions 
were made at the workshop. The workshop was preceded by a five-day field-trip to visit 
the 1891 Nobi earthquake fault system including the trench site at Umehara and 
Itoshigawa-Shizuoka tectonic line. Stimulus discussions on various problem were made 
in the field.

This proceedings volume of the workshop is compiled in order to document the 
workshop, record the presentations. It is hoped that the data and ideas presented here 
would be useful for future collaboration. We need to identify common problems and 
create a joint research program under the Twin Institute Program. The workshop was 
merely a first step for future collaboration of both geological surveys.

Kenji Satake, Geological Survey of Japan 
Dave Schwartz, United States Geological Survey
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Progress in evaluating earthquake potential of 
major active faults in the Kinki Triangle

Yuichi Sugiyama

Geological Survey of Japan

sugiyama@gsj.go.jp

National Survey of Active Faults in Japan

After the 1995 Kobe earthquake, the Science and Technology Agency (STA) and 

the Geological Survey of Japan (GSJ) began systematic study of major active faults 

throughout Japan. It was hoped that the study would yield long-term earthquake 

forecasts, and that these forecasts would help to reduce losses from future earthquakes.

The study targets ninety-eight faults or fault systems (Fig. 1). These faults were 

selected because they meet one or more of the following criteria: (1) average slip rate 

greater than 0.1 m per thousand years; (2) length at least 20 km; and (3) location in a 

densely populated area.

Under this program, STA has granted over one billion yen ($8 million) annually 

to prefectural governments and big cities. These local entities use the funds for study 

of active faults within areas they administer.

GSJ has spent about 0.3 billion yen (about $2.5 million) annually for active fault 

studies since the Kobe earthquake. We at GSJ use these funds to evaluate regional 

seismic hazards, fault interaction, and individual faults believed especially hazardous.

By the year 1999, some 80 percent of the 98 targeted faults will have been studied 

by GSJ or by local governments that receive STA funds.

Overview of GSJ Study of Active Faults in the Kinki Triangle

GSJ chose the Kinki Triangle as its first target for regional study of seismic 

hazards. The triangle, bounded to the south by the Median Tectonic Line, contains 

large cities as Kobe, Osaka, Kyoto, and Nagoya. It is home to some 25 million people 

and a lot of active faults as well. Twenty-two of the 98 nationally targeted faults are 

within the Kinki Triangle.



GSJ has now obtained data on the time of the most recent rupture along over 13 of 

these 22 faults. We have also clarified which of these faults are probably responsible 

for four earthquakes revealed by old documents between the 1300's and 1600's.

Progress has been slower, however, in obtaining reliable estimates of recurrence 

intervals. Such estimates are now available for less than half of the studied faults. 

We hope to improve this situation in the next few years.

Examples of Findings from the Northern Part of the Kinki Triangle

Our work in the Kinki Triangle included attempts to learn which faults ruptured 

during two earthquakes known from documents: the 1325 Shochu and 1662 Kanbun 

events. The main candidates for the 1325 Shochu are the south part of the Yanagase 

fault; a conjugate structure called the south Tsuruga fault; and the Daguchi fault, which 

adjoins the south Tsuruga fault (Fig. 2).

Documents provide some guidance about location of the 1325 earthquake. They 

state that the earthquake damaged a shrine in Tsuruga City. In addition, they show that 

the earthquake caused landslides on an island in northern Lake Biwa and at a small 

town in mountains north of Lake Biwa.

Our trench survey on the south Tsuruga fault in 1997 shows that the last rupture 

on this fault occurred between late 1100's and the 1300's. We estiamted the average 

recurrence interval at 2500 to 4000 years on the basis of 0.5-0.6 m/ky average vertical 

slip rate and 1.5-2.0 m vertical displacement associated with the last event (Sugiyama et 

al., 1998). Accordingly, the south Tsuruga fault may have a low probability of 

producing a big earthquake in the next 100 years.

As for the south Yanagase fault, two trenches 4 km apart gave very different 

results. While one showed the fault last rupturing 600-700 years ago, the other 

provided no evidence of rupture more recent than 7000 years ago (Yoshioka et al, 

1998b). So the south Yanagase fault is believed to divide into two behavioral 

segments at a slight bend between the two trench sites, although theirb recurrence 

intervals are still unknown.

A 1998 trench across the Daguchi fault showed that it ruptured after the 1325 

earthquake and before or during the 1662 earthquake.



Contagious and Multiple Ruptures in the Northern Kinki Triangle

From these results we infer that the 1325 and 1662 earthquakes were part of a 

serial, contagious rupture of active faults in the Kinki Triangle. It is difficult, however, 

to use paleoseismic evidence to distinguish among individual events in such a series.

Much of the difficulty is due to uncertainties in dating. As is usually the case in 

paleoseismology, serial earthquakes as much as centuries apart can give overlapping 

ages.

A further problem is the temptation to shoehorn paleoearthquakes into historical 

earthquake catalogs. This practice is risky not only because the geologic dating is 

uncertain but also because the catalogs may be incomplete, particularly for times of 

civil unrest in Japan. The 1325 event occurred during such an era.

Multiple Ruptures During the 1586 Tensho Earthquake

The Tensho earthquake of 1586, which caused severe damage in both the Hida 

district and Nobi Plain (Fig. 3), probably resulted from some combination of rupture on 

the Miboro, Atera, and Yoro-Kuwana fault systems.

The earthquake has been ascribed by Tsuneishi (1980) and Usarni (1996) to 

rupture on the Miboro fault system (Fig. 4) because the shaking caused severe damage 

along this fault. Our trenching in 1990 showed that the fault last ruptured after 1100.

The latest rupture on the Atera fault system was correlated to the Tensho 

earthquake by Central Research Institute of Electric Power Industry (Toda et al, 1995).

GSJ array boring of the Yoro-Kuwana fault system showed that this fault system 

also ruptured after 1300 (Sugai et al, 1998). Because the nearby Nobi area was 

severely damaged by the 1586 Tensho earthquake, the earthquake probably caused this 

rupture on the Yoro-Kuwana fault system. The array boring also showed that the 

penultimate rupture on this fault system postdates 600; this rupture may represent a 

documented earthquake in 745.

The average recurrence interval of the Yoro-Kuwana fault in the Holocene is 

estimated at 1000 to 2000 years on the basis of array boring and seismic reflection data 

(Sugai et al, 1998). But if the penultimate rupture occurred in 745, the interval 

between the two most recent ruptures becomes only about 800 years. Vertical 

displacement during both ruptures was nearly the same, about 6m. I therefore 

speculate that the fault produces characteristic earthquakes at irregular intervals.

According to historical documents, the Tensho earthquake may comprise two 

events about a day apart. Perhaps rupture of Miboro and Atera faults caused



premature rupture of the Yoro-Kuwana fault system. Such induced rupture may 

contribute to irregularity of recurrence intervals.

Long Elapsed Times, Unmeasured Recurrence Intervals, and Plans for Osaka

Some active faults in the Kinki Triangle have now gone thousands of years 

without rupturing (Fig. 5). For the north segment of the fault system along the west 

side of Lake Biwa, this elapsed time exceeds 2500 years (Komatsubara et al, 1998). 

For the south Hanaore fault near Kyoto, the elapsed time is 1300-2500 years (Yoshioka 

etal, 1998a).

Reliable estimates of recurrence intervals are available for less than half the active 

faults in the Kinki Triangle.

GSJ has plans to focus on earthquake hazards at Osaka. The paleoseismic 

targets there include the Uemachi fault system, which runs through the city, and the 

Osaka Bay fault.
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Figure 1. Location of the 98 active faults for the national 
survey (Earthquake Research Committee, 1998).
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Candidate rupture fault of the 1325 Shohchu Eq.

1: Nosaka f. 

2: S.Tsuruga f. 

3: Daguchi f.

/

\

, If  / S. Lake-Biwa-west-coast 
Ky°t0/ l/:'r fault system

30km

Figure 2. Faults that may have ruptured during the 1325 
Shohchu and 1662 Kanbun earthquakes.



Figure 3. Estimated areas of seismic intesity 6 and 7 for the 1586 Tensho 
earthquake (lida, 1987). Intensity 6 on the JMA scale is close to intensity 
9 or 10 on the Modified Mercalli scale.

N

Figure 4. Three fault systems that may have ruptured 
during the 1586 Tensho earthquake.
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Figure 5. Active faults in the Kinki Triangle that are not known to have ruptured in the past 1000 
years or longer.



Behavioral segments and their cascades for the earthquake 
occurrence in the Japanese surface ruptures

Yasuo Awata

Geological Survey of Japan 

awata@gsj.go.jp

1. Introduction

Estimation of the probable earthquake magnitude using the paleoseismic data is 

based on two principle models of fault behavior; characteristic faulting model for the 

behavioral segments and cascade model for the earthquake segments.

Along a behavioral segment (McCalpin, 1996) or at a site on the segment, the 

displacement has occurred repeatedly with almost same recurrence interval and same 

amount of displacement (e.g. Schwartz and Coppersmith, 1984; 1986). I term this 

behavior of segments " the characteristic faulting model". The displacement per event 

is the only evidence taken from each site on a segment to estimate the size of paleo- 

faulting event. If we accept the existence of persistent segments and the scaling laws 

among the fault parameters; length, width and slip per event, the displacement per event 

is a primary set of data to estimate the size of the behavioral segment.

A single behavioral segment can rupture in an earthquake. On the other hand, 

adjacent two or more segments can simultaneously rupture in a single earthquake. 

This behavior for the earthquake occurrence is termed "the cascade model" (W.G.C.E.P., 

1995). In this model, it is assumed that each time a segment ruptures, whether alone or 

with others, it slips about the same amount. However, the length of the earthquake 

segment also has a relation with the displacement per event (e.g. Matsuda et al., 1980; 

Bonilla et al., 1984; Wells and Coppersmith, 1994).

In this paper, I analyze the relationships among the behavioral segment length, 

earthquake segment length and maximum displacement of the surface ruptures on land 

in Japan. The relations are the keys to quantify the size of probable earthquake using 

the geologic and paleoseismic data.

  10  



2. Segmentation of surface faults

Sixteen earthquakes have generated surface faultings on land in Japan since the 

1891 Nobi earthquake. Some of the surface ruptures associated with each earthquake 

are subdivided into more than one behavioral segment based on its timing of paleo- 

faultings, slip rate, displacement per event and sense of faulting. Table 1 lists the 

parameters of 15 earthquake segments and its behavioral segments. The surface 

ruptures associated with the 1923 Kanto earthquake is excepted from Table 1, because 

the main faulting occurred offshore the Kanto district, central Japan. Four examples of 

the segmentation of earthquake segments, which are mainly based on the timings of the 

paleo-faultings, are described as follows;

1891 Nobi earthquake segment: The 1891 Nobi earthquake (M 8.0) associated 

an 80-km-long left-lateral surface rupture system. The system is subdivided in to three 

behavioral segments based on its timing of characteristic faulting, long-term activity, 

distribution of displacement and fault geometry. The Neodani behavioral segment in 

the central portion of the system is traced for 31 km and has been ruptured every 2,700 

years during the Holocene (Awata et al, 1998). On the other hand, the Umehara 

behavioral segment in the southeast of the system has ruptured only one time since 

11,500 years B.P. (Awata and Nelson, 1999; in preparation communication). The 

northwestern Nukumi behavioral segment is less active and has a smaller displacement 

per event than the Neodani segment.

1896 Rikuu earthquake segment: Associated with the 1896 Rikuu earthquake 

(M 7.2), two behavioral segments of reverse fault were ruptured. On the western foot 

of the Ou Mountains, 36-km-long Senya behavioral segment appeared. The 

penultimate event on the Senya segment occurred about 3,500 years B.P. ago (Research 

Group for the Senya Fault, 1986). On the eastern foot of the mountains, the 

Kawafune behavioral segment ruptured for 9-14 km. The 1896 rupture is the only one 

faulting event on the Kawafune fault since 5,600 years B.P. (Oyama et al., 1991).

1930 Kita-Izu earthquake segment: The 1930 Kitaizu earthquake (M 7.3) shows 

a complicated fault strands. The Tanna behavioral segment of 15-km-long has an 

average recurrence interval of 700-1,000 years during the Holocene (Tanna Fault 

Trenching Research Group, 1983). However, the Himenoyu segment of 19-km-long, 

which is located on the south of the Tanna segment, has an interval of 3,000-4,600 years 

(Tsukuda and Yamazaki, 1984; Mizuno, 1988).

1945 Mikawa earthquake segment: The 1945 Mikawa earthquake (M 6.8) 

ruptured two behavioral segments. The Yokosuka behavioral segment has generated

  11  



only one faulting event since 54,000 years B.P. (Sone et al., 1990). However, the 

penultimate event of the Fukozu behavioral segment occurred 20,000-30,000 years B.P. 

effl/., 1998).

3. Scaling laws for the behavioral segment and earthquake segment

Fig. 1 shows the relations between the maximum displacements and the lengths of 

earthquake segments and behavioral segments for the Japanese surface ruptures listed in 

Table 1 . Each relation shows a good correlation. The relation between the maximum 

displacements and the behavioral segments can be approximated as,

^=4.9x7)^ (1)

where Lb_seg represents a behavioral segment length (in kilometer) and Dmax represents a 

maximum displacement per event (in meter). Scaling law for the behavioral segments 

is expressed as

Le.seg=9.0xDmax (2) 

where Le_seg represents a earthquake segment length (in kilometer).

4. Discussion

The Japanese inland surface ruptures are well explained using the characteristic 

faulting and cascade models, and scaling law of the behavioral and earthquake segments. 

These models and empirical relations are applicable to make a segmentation of the 

active faults, and to estimate the probable earthquake magnitude in a fault system or a 

region in Japan. In this application, the most commonly used paleoseismic data is the 

displacement per event. However, it is hard to measure the maximum displacement 

through the paleoseismic investigations, because it occurs infrequently in a segment.

In case of the 1995 Hyogo-ken Nanbu (Kobe) earthquake, the maximum 

displacement of 2.5 m occurred at a central location in the behavioral segment. The 

most frequently observed displacements were 1.6±0.2m for the reliable data, which 

were measured along the two thirds portion of the whole segment (Fig. 2; Awata et al. , 

1996). The average displacement of all the measurements including underevaluated 

displacements is about one-half of the maximum displacement, and a little smaller than 

the mode displacement. In the Gomura behavioral segment of the 1927 Kita-Tango 

earthquake, the maximum displacement was 3.8 m at one site, and frequently measured 

displacements were 2.0 m (Okada and Matsuda, 1997).
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Accordingly, relationship between the maximum displacement and the mode 

displacement may be

Dmax= -(3/2 - 2) x Dmode

where Dmode is the mode displacement of a segment, in meter. The paleoseismic

measurements of displacement are more likely to be the mode displacement of the 

segment than to be the maximum displacement. Hence, the regressions among the 

behavioral segment length, earthquake segment length and displacement per event are 

transformed into

Lb-seg = -(3/4-l)xlOxDmode (3)

^e-seg = ~(3/2-2)xlOxDmode (4) 

Both lengths of the behavioral and earthquake segments are functions of the 

maximum displacement. Therefore, the ratio (cascade ratio) of an earthquake segment 

length to the length of the longest behavioral segment in the earthquake segment, 1.8 to 

1, is applicable to estimate the cascades for probable earthquakes. The number of 

behavioral segments in an earthquake segment (cascade number) varies from 1 to 3 and 

the average is 1.5. This cascade number may also be used for the evaluation of 

cascades.

Wells and Coppersmith (1994) analyzed the worldwide data of the surface 

ruptures and calculated the regression of earthquake segment length (surface rupture 

length) versus maximum displacement; that is

log Dmax = -1.38 + 1.02 x log Le.seg (5)

from which it followed that

Le.xe = 24.0 x Dm°M. (6)

The regressive length of the earthquake segment on a maximum displacement for the 

worldwide surface rupture is two to three times as large as that for Japanese inland 

surface ruptures. The scaling laws of the size of faulting parameters, cascade ratio and 

cascade number may be functions of tectonic setting, faulting-type and slip rate.

Reference

Awata, Y., Y. Kariya, M. Nikaido, and N. Takase, 1998, Recurrence interval and 

displacement per event of the Neodani fault, which ruptured in 1891, central 

Japan, Abstracts 1998 Japan Earth Planet. Set. Joint Meeting, S-41. (J)

  13  



Awata, Y., K. Mizuno, Y. Sugiyama, R. Imura, K. Shimokawa, K. Okumura, E.

Tsukuda, and K. Kimura, 1996 Surface fault ruptures associated with the Hyogo-

ken Nanbu earthquake of 1995, central Japan. Zisin, 49, 113-124. (J+E) 

Bonilla, M. G., R. K. Mark, and J. J. Lienkaeper, 1984 Statistic relations among

earthquake magnitude, surface rupture rength, and surface fault displacement, Bull.

Seismol Soc. Am, 74, 2379-2411. 

McCalpin, J. P., 1996 Application of paleoseismic data to seismic hazard assessment

and neotectonic research, Paleoseismology, Academic Press, 439-493. 

Matsuda, T., 1975 Magnitude and recurrence interval of earthquake from a fault, Zisin,

28, 269-283. (J+E) 

Matsuda, T., 1990, Seismic zoning map of Japanese Islands, with maximum magnitudes

derived from active fault data, Bull. Earthq. Res. Inst.Univ.Tokyo. 65, 289-319.

(J+E) 

Matsuda, T., H. Yamazaki, T. Nakata, and T. Imaizumi, 1980, The Surface faults

associated with the Rikuu earthquake of 1896, Bull. Earthq. Res. Inst. Univ. Tokyo.

55, 795-855. (J+E) 

Okada, A. and T. Matsuda, 1997, Surface faults assosiated with the Kita-Tango

Earthquake of 1927 in the northwestern part of kinki district, central Japan, Active

Fault Res., 19, 95-135. (J+E) 

Oyama, T., K. Sone, and K. Ueta, 1991, A fault survey under alluvial deposite- (3)

trench log survey of the Kawafune fault, Abiko Res. Lab. Rep., Central Res. Inst.

Elec. Power Indus., U9I032, 1-35. (J+E) 

Research Group for the Senya Fault (1986) Holocene activity and near-surface features

of the Senya Fault, Akita Prefecture, Japan - Excavation study at Komari,

Senhata-cho -, Bull. Earthq. Res. Inst. Univ.Tokyo, 61, 339-402. (J+E) 

Schwartz, D. P. and K.I. Coppersmith, 1984, Fault behavior and characteristic

earthquakes- Examples from Wasatch and San Andreas fault zones, Geophys. Res.

89,5681-5698. 

Schwartz, D. P. and K.I. Coppersmith, 1986, Seismic hazards; new trend in analysis

using geologic data, Active Tectonics, Natl. Acad. Press, Washington, DC., 215-

230. 

Sone, K. and K. Ueta, 1990, A fault activity study under alluvial deposits - Excavation

study at the Fukozu Fault -, Abiko Res. Lab. Rep., Central Res. Inst. Elec. Power

Indus., U90029, 1- 32. (J+E)

  14  



T
ab

le
 1

 
E

ar
th

qu
ak

e 
se

gm
en

ts
 a

nd
 th

ei
r b

eh
av

io
ra

l 
se

gm
en

ts
 o

f t
he

 J
ap

an
es

e 
in

la
nd

 s
ur

fa
ce

 r
up

tu
re

s

E
A

R
TH

Q
U

A
K

E
 S

E
G

M
E

N
T

B
E

H
A

V
IO

R
A

L 
S

E
G

M
E

N
T

D
at

e 
E

ar
th

qu
ak

e 
M

ag
ni

tu
de

 L
e
n
g
th

 
D

m
ax

 
C

as
ac

ad
e 

S
eg

m
en

t 
L
e
n
g
th

 
na

m
e 

ra
tio

 
na

m
e 

M
 

(k
m

) 
(m

) 
(k

m
)

18
91

 
N

ob
i

1
8
9
6
 R

ik
uu

1
9

1
8

 O
m

ac
hi

1
9

2
5

 T
aj

im
a

1
9
2
7
 

K
ita

-T
a
n
g
o

1 
9
3
0
 K

ita
-l
zu

1
9
3
8
 

K
uc

ha
ro

1
9
4
3
 T

o
to

ri

1
9
4
5
 

M
ik

aw
a

1 
9
5
9
 T

es
hi

ka
ga

1
9

6
5

 
M

at
su

sh
iro

1
9

7
4

 I
zu

-h
a

n
to

O
ki

1 
9
7
8
 I

zu
-O

sh
im

a 
K

in
ka

i

1 
9

9
5

 
H

yo
g

o
-k

e
n

 N
an

bu

1 
9

9
8

 I
w

a
ta

-k
e
n
 N

. 
H

.

8 7
.2 6.
1

6
.8

7.
3

7.
3

6
.8

7.
2

6
.8

6.
1

S
W

6.
9

7.
1

7
.2

6.
1

8
0

5
0

1.
1

1.
6

2
6
.5

 +

35 12 13 2
6 2 4 6 

+

4
.5

 
+

1
6
.6

0
.9

7
.4

7
.2

0
.2 1

3
.8

3
.8

2
.6 1.
7

2
.4

0.
1

0
.3

0
.5 1.
2

2.
5

0
.4

2
.6

 
N

uk
um

i

N
eo

da
ni

U
m

eh
ar

a

1 
.4

 
S

en
ya

K
aw

af
un

e

1 
T

er
ak

ai
do

1 
Ta

i

1 
.5

? 
G

om
ur

a

Y
am

ad
a

1 
.8

 
T

an
na

H
im

en
oy

u

1 
K

uc
ha

ro

1 
S

hi
ka

no
-Y

os
hi

ok
a

2 
F

uk
oz

u

Y
ok

os
uk

a

1 
T

es
hi

ka
ga

1 
M

at
su

sh
iro

1 
? 

Ir
oz

ak
i

1.
1 

? 
In

at
or

i-O
m

in
ey

am
a

N
e
ki

n
o
ta

1.
1 

H
ok

ud
an

N
ad

ag
aw

a

1 
S

hi
no

za
ki

16 31 2
6 3
6 14 1.
1

1.
6 18

 +

8
.5 15 19 10 13 13 13

2 4 6 
+

4 
+

0
.5 15 1.
6

0
.9

n
e
t

3.
5

7
.4 5.
3

7
.2

2
.8

0
.2 1

3
.8 1.
2

3
.8 3

2
.6 1.
7

2
.7

2
.9

0.
1

0
.3

0
.5 1.
2

0
.2

2.
5

0
.2

0
.4

D
m

ax
 

ve
r.

 
(m

)

1.
8 0

1.
7

3
.6 2 1 1

0
.9 1.
5

0
.8 2 2

0.
1

0
.2

0
.2

0
.2

0.
1

1.
4

0
.2

0
.3

D
m

od
e 

F
au

lt 
R

ec
ur

re
nc

e 
ho

ri.
 

ty
p

e
 

in
te

rv
a

l 
(m

) 
(k

y)

3

7
.4 5

3
.7 1

3.
5 3

2
.6 1.
5

1.
3

0
.3

0
.4 1.
2

0
.2 2

0.
1

0
.3

LL LL LL R R R V

2
.0

 
LL R LL

LL
-R

L

LL R
L R

R
-L

L

V LL R
L

R
L

R
L

1.
6 

R
L

0
.2

 
R

0
.4

 
R

2
.7

^
1

2

3.
5

^
5

.7

^6
.1

^
4

.5

0
.7

-1
.0

3
.0

-4
.6

4
-8

2
0

-3
0

^
5

4

2
-2

.5

S
lip

 
ra

te
 

(m
/k

y
)

B ^
2 B 1.
6 B B

-C B 2 B
-C C C C B B B B

Sl
ip

 r
at

e;
 B

: 0
.9

-0
.1

 m
/k

y,
 C

: 
<

0.
1 

m
/k

y



Tanna Fault Trenching Research Group, 1983, Trenching study for Tanna Fault, Izu, at

Myoga, Shizuoka Prefecture, Japan, Bull. Earthq. Res. Inst. Univ.Tokyo. 58, 797-

830. 

Ueta, K., D. Inoue, and K. Miyakoshi, 1998, Trenching study of the Fukozu fault at

Isshiki, Gamagori City, Aichi Pref, Program andAbst. Seismol. Soc. Japan 1998,

Fall Meeting.C41. (J) 

Wells, D. L. and K. J. Coppersmith, 1994, Empirical relationships among magnitude,

rupture length, rupture area, and surface displacement, Bull. Seismol. Soc. Am, 84.

974-1002. 

Working Group on California Earthquake Probabilities (1995) Seismic Hazards in

southern California: probable earthquakes, 1994 to 2024, Bull. Seismol. Soc. Am,

85, 379-439. 

Tsukuda, E. and H. Yamazaki, 1984, Excavation survy of active fault for earthquake

prediction in Japan - with special reference to the Ukihashi central and the Atera

fault, Geol. Surv. Japan Rep., 263, 349-361. 

Mizuno, K. (1988) Trenching study of the Himenoyu fault at Himenoyu site in 1983,

Active Fault Res., 5, 29-34. (J)

(J): in Japanese; (J+E): in Japanese with English abstract.

  15  



10

o
3
d. 
c/5
Q

X<

O

Behavioral Segment 
Earthquake Segment

10 20 30 40 50 60 

SEGMENT LENGTH (km)

70 80 90

Fig. 1 Relations between maximum displacement, and earthquake and behavioral 

segment length for Japanese surface ruptures.

D max 

D mode

Okm

Fig. 2 Distribution of displacement along a segment associated with the 1995 Hyogo- 

ken Nanbu earthquake [from Awata et al., 1996] . Solid symbols denote the 

reliable measurements for the whole zone of the fault strand. Open symbols 

denote the measurement with insufficient reference. Northeast portion of the 
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Paleoseismology of the Itoigawa-Shizuoka tectonic line 
active fault system in central Japan

Koji Okumura

Hiroshima University

kojiok@ipc.hiroshima-u.ac.jp

The middle part of the Itoigawa-Shizuoka Tectonic Line active fault system 

(Middle ISTL) is a cluster of active faults that extends NW-SE for 50 km from 

Matsumoto to Kobuchizawa in central Japan (Figs. 1 and 2). The Middle ISTL is 

characterized by high average slip-rate reaching 8 to 10 mm/yr during the Late 

Pleistocene and Holocene (Ikeda and Yonekura, 1986; Fujimori, 1991). This is one of 

the highest slip-rate active faults reported from onshore in Japan. Empirical relation 

between slip-rate and recurrence time indicates that the Middle ISTL may rupture more 

than once a thousand year. The previously known recurrence time estimates of 3500 

to 5000 years (Research Group for Ito-Shizu Tectonic Line Active Faults, 1988; Togo et 

al, 1988) were significantly longer than the expected recurrence time. The last 

faulting event on the Middle ISTL most likely occurred in 84lor 762 AD according to 

historic record and paleoseismological works (Usami, 1996; Matsuda, 1998). Since 

the elapsed time is 1158 or 1236 years, the estimation of recurrence time is critical to 

evaluate the potential of next earthquake.

In order to know the history of recent faulting events, Okumura et al. (1993) 

excavated the Gofukuji fault, the northernmost segment of the Middle ISTL at 

Namiyanagi, south of Matsumoto. Investigation of 6 trenches, 3 test pits and 

topography around the trenches brought following results. The ages of three most 

recent faulting events are 445-1386 AD, 150-334 AD, and 839-189 BC. The 

recurrence time is between 111 and 1236 years. Assuming the correlation of the last 

event with the 841 AD event, the recurrence time is estimated to be 339 to 1173 years. 

Average recurrence interval in this case ranges 515 to 840 years. The elapsed time of 

711 to 1152 years is probably longer than the recurrence time. The average slip rate of 

the fault since c.a. 6000 BC is 9.4 ~ 4.5 mm/yr left-lateral. The left-lateral coseismic 

slip during the last event is estimated as 7.5 ~ 1.5m. The results from the other two 

trenches on the Gofukuji fault (Namiyanagi: Okumura and Tsukuda, 1995; Nakayama:

  18  



Okumura et al, 1998a) agreed very well with that of the Namiyanagi trench (Fig. 3: 

Okumura era/., 1993).

Beside the Middle ISTL, the fault system north of Matsumoto (Northern ISTL) 

consists of east dipping reverse faults along the east foot of the Hida range to form a 

narrow N-S tectonic depression (Figs. 1 and 2). In 1995 and 1996, Okumura et al. 

(1998) opened three exploratory trenches in the northern ISTL. The Hakuba trench on 

the Kamishiro fault brought four earthquake events since 6738 BP (in calendar year) 

with the average recurrence interval for the three recent events to be between 1000 and 

1800 years. The last event here postdates 1538 BP. The Omachi trench exposed the 

last event after 6th to 7th century AD and before 12th century at the latest. Only one 

event after 3rd to 4th century AD was identified in the Ikeda trench. The timing of the 

last event from each trench is between 500 and 1500 BP, whose interval coincides with 

the timing of the last event in the middle section as well as the 841 AD or 762 AD 

earthquake reported in historical documents. The dating of the upper age limit of the 

last event is not precise enough to correlate the event with any of known earthquakes. 

The recurrence interval of the northern section, however, is significantly longer than 

that of the Gofukuji fault, but is much shorter than that in the middle section 

except for the Gofukuji fault. The regional difference in the recurrence time is 

concordant with the difference in the slip rate (Fig. 4).

The results from over 10 trenches considerably revealed the rupture history of the 

ISTL. The rupture history of the North and Middle ISTL is one of the best examples 

of paleoseismological works in Japan, and the results lead to the first official evaluation 

of long-term seismic risks in Japan announced by the federal government in 1996 as 

well as the first attempt on probagilistic seismic hazard assessment in Japan (Kumamoto, 

1998). However, the precision and reliability of time-constraints are not enough. 

Trenching study in the areas of utter human modification should have certain limitation. 

In order to push this limitation further, Saito et al. (1998) and Okumura et al. (1998b) 

tried to extract fine data from the lake deposits of Suwa Lake on the Middle ISTL. 

The idea and the interim results are as follows after Okumura et al. (1998b).

Disturbance of water-laid deposits and anomalous sedimentation such as 

liquefaction, mixed-layer, slump structure, and turbidite are usually taken as evidence of 

severe shaking from to a nearby fault. Those shaking records, however, cannot be 

regarded as evidence of faulting events on a particular structure in case there are a 

number of earthquake sources that may generate ground motion strong enough to 

disturb the deposits. In this situation, if we are to study an tectonic lake bounded by
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syndepositional faults, there are chances to distinguish proximal faulting events from 

distal ones using the abrupt deepening as a signature of faulting by the lake. If the 

tectonic lake has a stable level of outlet altitude and maintains very shallow (just a few 

meters) depth over a several recurrence period, the lake deposits would be very sensitive 

to faulting events. Suwa lake in Central Japan is an ideal field to test this idea. The 

lake is located in a pull-apart basin formed by left-lateral strike-slip faulting of the ISTL. 

A pair of NW-SE strike normal faults bounds the rectangular lake-basin from 

surrounding mountains. The basin-fill sediments conceals another pair of the NW-SE 

graben-forming faults inside the basin. The basin is divided into three tectonic blocks, 

and the middle block in the graben has been subsided at 2.5 mm/yr on average over 

100,000 years. However, very shallow depth of water and stable level of outlet have 

been maintained at least during these 10,000 years.

We drilled 3 pairs of boreholes in respective three tectonic blocks as deep as 

around 30m to penetrate Holocene sediments. In each pair of boreholes, 2 to 3 m long 

cores by thin-wall tube sampler overlapping by 50 cm are hauled switching from one to 

another borehole. This method ruled out the possibility of loss and contamination of 

the both ends of cores. Lithological analyses using soft X-ray photographs indicate 

normal accumulation of diatomaceous clay is interrupted by scattering clastic particle 

accompanying siderite concentration and bioturbation in more than 10 levels in each 

core. The clastic particle may indicate turbidite-like sedimentation caused by shaking. 

High-resolution chemical and physical analysis were carried out 5 cm interval on bulk 

density, magnetic susceptibility, quartz content, diagenetic mineral assemblage, total 

sulfur, organic carbon, and L*-a*-b* space color spectrum. Among them, a* value 

distinctively shows abrupt decrease and gradual increase repeatedly. The decrease well 

coincides with increase of total sulfur and decrease of organic carbon. These 

parameters indicate sudden change from oxidizing to deoxidizing condition and slow 

recovery that corresponds with sudden deepening and slow shallowing of the lake depth 

in order of a few meters.

The average recurrence time of deepening event is about 1000 years in this single 

core and is much shorter than that previously estimated 3000 to 5000 year faulting 

recurrence time on shore in trenches (Fig. 4). Comparison of deepening history among 

the three cores is under way and it may indicate differential rupture history of the fault 

strands in the basin. This information will be crucial constraints on the 

paleoseismology of the ISTL.
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Figure 1. Active faults and large historic earthquakes in central Japan. After Reserach 
Group for Active Faults in Japan (1991) and Utsu (1996). The dashed line marked ISTL is a 
geologic structure formed during Miocene. The solid lines on the ISTL indicates the trace of 
the ISTL active fault system.
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Paleoearthquake recurrence in the Rio Grande rift near 
Albuquerque, New Mexico, USA
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The purpose of this research is to obtain geologic information useful for seismic- 

hazard evaluations in the Albuquerque Basin, a prominent structure of the Rio Grande 

rift in central New Mexico, USA. The Rio Grande rift is part of the Basin and Range 

physiographic province, a broad region of primarily extensional faulting in the western 

United States. In northern New Mexico and southern Colorado, the rift consists of 

linked basins or half grabens formed by normal faulting that began in the late Oligocene, 

culminated in the middle to late Miocene, and continues intermittently to the present 

(Chapin and Gather, 1994). The rift takes its name from the Rio Grande, a large river 

system that flows from southern Colorado through the rift to the Gulf of Mexico.

Seismic-hazard studies of regions of low to moderate seismicity commonly rely 

on geologic (paleoseismic) studies to provide long-term information on slip rate and 

paleoearthquake recurrence. Paleoseismic studies of Quaternary faults are especially 

important in areas such as the Rio Grande rift, where recurrence intervals between large 

earthquakes commonly exceed the length of the historical seismic record. The 

historical record of seismicity of the Albuquerque Basin (1849-present) is typical of 

much of the Intermountain West in showing little association between patterns of 

diffuse seismicity and mapped Quaternary faults; no earthquakes larger than ML 5.5 

have been recorded in the last 150 years in this region (Northrop, 1976, 1982; House 

andHartse, 1995).

Despite the lack of damaging historical earthquakes, the presence of more than 25 

Quaternary faults in the Albuquerque region (Fig. 1) attest to the occurrence of large, 

surface-rupturing earthquakes. Faults near Albuquerque can be grouped as (1) rift- 

margin normal faults that form the steep western flanks of the Sandia, Manzanita, and 

Manzano Mountains, (2) a larger group of intrabasin normal faults that offset the floor 

of the Albuquerque Basin, and (3) a few poorly exposed transverse structures that may
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allow accommodation between zones of differing fault polarity (Hawley, 1996; 

Machette, 1998). The most prominent transverse structure, the Tijeras-Canoncito fault 

system, may be part of an accommodation zone that divides the Albuquerque Basin into 

an east-tilted domain to the north and a west-tilted domain to the south (Russell and 

Snelson, 1994).

At least five faults in the Albuquerque area have been active in the late 

Pleistocene or Holocene (Fig. 1). However, most faults shown on Figure 1 have not 

been studied in any detail, so several other faults in the area probably have been active 

in the late Quaternary. In addition, the conspicuous lack of Quaternary faults in the 

central portion of Figure 1 may be an artifact of preservation this area is heavily 

urbanized and is partly underlain by Holocene alluvium of the Rio Grande and Tijeras 

Arroyo. Trench investigations have been conducted on four faults near Albuquerque 

(Fig. 1) and only three of these studies, East Paradise, County Dump, and Hubbell 

Spring fault zones (summarized below), yield data on paleoearthquake recurrence and 

slip per event.

Exposures of the intrabasin East Paradise fault zone were examined by the author 

in a house excavation in western Albuquerque in 1996. These exposures revealed a 

sequence of middle Pleistocene alluvial and eolian deposits vertically displaced 2.75 m 

across a down-to-the-west fault zone. The prefaulting deposits were overlain by two 

deposits of scarp colluvium and eolian sand that probably were deposited in response to 

two surface-faulting events. Both fault-related deposits are faulted and fractured, 

indicating that at least one additional surface-faulting event has occurred at this site. 

Unfortunately, strati graphic evidence for the third event was removed during 

construction. Thermoluminescence (TL) dating of the two preserved fault-related 

deposits yield ages of 208 ± 25 ka and 75 ± 7 ka for the two older faulting events. The 

youngest event is undated, but the lack of recognizable fault scarps along most of the 

fault trace suggests this event probably did not occur in the Holocene (Fig. 2A). Pre- 

fault stratigraphic reconstructions suggest vertical displacements of about 1 m, 0.5 m, 

and 1.25 m, respectively, for the last three surface-faulting events on the East Paradise 

fault zone.

A series of trenches on the intrabasin County Dump fault excavated in 1996 by 

J.P. McCalpin revealed one of the longest paleoseismic records of normal faulting in the 

western United States (McCalpin, 1997; Machette et al., 1998; McCalpin et ai, in 

press). These excavations exposed as many as 13 buried soils and associated sandy 

colluvial deposits, cumulatively displaced about 20 m across the County Dump fault.
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If each soil represents burial after a surface-faulting event, then vertical surface 

displacements have averaged about 1.4 m during the middle and late Pleistocene. 

Approximate ages based on accumulation rates of calcium carbonate in the buried soils 

suggest average recurrence intervals of about 40 ± 48 ka; if two anomalous intervals (4 

ka and 200 ka) are excluded, recurrence estimates are about 30 ± 11 ka (McCalpin, 

1997; Machette et a/., 1998; McCalpin et al, in press).

A third set of paleoseismic data was obtained from a trench across an 8-m-high 

scarp on the Hubbell Spring fault excavated by the author in 1997. The Hubbell 

Spring fault lies several kilometers westward of the steep flank of the Manzano 

Mountains, but probably represents the active margin of the Rio Grande rift in this part 

of the Albuquerque Basin. The trench exposed a complex fault zone and three mixed 

deposits of scarp colluvium and eolian sand that probably were deposited in response to 

individual surf ace-faulting events. Preliminary TL ages on these deposits suggest that 

the last three surface-faulting events on the Hubbell Spring fault occurred about 70 ka, 

20 ka, and 10 ka (Fig. 2B). Vertical displacements during these events are difficult to 

determine, but probably were 1.5-1.6 m per event.

From the limited paleoseismic data discussed above, Quaternary faults in the 

Albuquerque area have low rates of slip and long recurrence intervals. Rift margin 

faults, such as the Hubbell Spring fault, are more active than the intrabasin faults such 

as the East Paradise and County Dump faults, but limited trench data indicate wide 

variations in slip rate and paleoearthquake recurrence intervals for most faults near 

Albuquerque (Table 1). However, average vertical displacements of 1-2 m and 

probable fault rupture lengths of 10-40 km indicate rare prehistoric earthquakes as large 

as moment magnitude 6.8-7.0 (Wells and Coppersmith, 1994). The inconsistency 

between historic and prehistoric seismicity is typical of the Basin and Range province in 

the western United States. The large number of faults in this area call for more 

paleoseismic data to better quantify seismic hazards in the Albuquerque metropolitan 

area.
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Table 1. Estimated ranges of slip rates and recurrence intervals of surface- 

rupturing earthquakes on Quaternary faults near Albuquerque, New Mexico.

Fault type Recurrence Intervals Slip Rates
(ka) (mm/yr)

Basin margin faults 10-50 0.02-0.2 

Intrabasin faults 10-200 0.004-0.05
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Figure 1. Map showing faults with known and suspected displacements in Quaternary 
deposits near Albuquerque, New Mexico; fault data modified from Machette et al. 
(1998). Faults with known displacements in the late Pleistocene (10-130 ka) or 
Holocene (<10 ka) are shown with heavier line weight; hollow bars mark locations of 
detailed trench studies. Shading and stipple depict pre-Tertiary rocks in the Manzano, 
Manzanita, and Sandia Mountains; lighter shading depicts urbanized areas.
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colluvial deposits that closely post-date surface-faulting events; 2 sigma errors are 10- 
15%. The two oldest ages from Hubbell Spring fault (90 ka and 245 ka) are U-series 
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The most recent large earthquake on the south-central portion of the San Andreas 

fault was the 1857 Fort Tejon earthquake (M=7.9) (Fig. 1). The southern termination 

of this rupture, just to the southeast of Wrightwood, has been used by the Working 

Group on California Earthquake Probabilities (1988, 1995) to define the boundary 

between the Mojave and San Bernardino segments of the fault. However, a growing 

body of paleoseisnic data indicates that the 1857 termination point is the exception 

rather than the rule. In fact, the paleoseismic evidence does not support the existence 

of a persistent barrier to rupture anywhere along the fault within about 25 km of 

Wrightwood.

Three paleoseismic sites with long records of large earthquakes are located along 

this portion of the fault: Pallett Creek (Sieh,1978, 1984; Sieh et al, 1989, Salyards et al, 

1992), Wrightwood (Weldon, 1991; Fumal et al, 1993), and Pitman Canyon (Seitz et 

al, 1997; Seitz and Weldon, 1994a, 1994b). The depositional setting at each of 

these locations has favored rapid accumulation of debris flow and/or fluvial sediments 

and the formation of many thin peat layers, resulting in stratigraphy that is excellent for 

recording and dating paleoearthquakes (Fig. 2). Multiple lines of evidence have been 

used to recognize earthquake horizons at these sites, including upward termination of 

ruptures, formation of scarps and scarp-derived colluvium, ground fissures, liquefaction 

features, and folding (Fig. 3a, 3b).

A key to the high-resolution dating of paleoearthquakes at these sites is the 

abundance of peat horizons. At Wrightwood, for example, nearly every contact 

between successive clastic deposits is a thin peat layer (Fig. 2). These peats are 

excellent materials for radiocarbon dating because the organic fraction consists 

primarily of plant matter that has accumulated in place, usually over a few decades. 

More than 50 samples of peat from Wrightwood have been dated using three different
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radiocarbon laboratories. The results of these measurements give an excellent, 

stratigraphically consistent chronology of peat accumulation at this site (Fig. 4).

The pretreatment procedure used is a critical factor in obtaining accurate dates for 

peat. Prior to 1997, all of the samples from each of the sites were pretreated using an 

acid wash only (AO: Beta,QL ) or an acid wash/weak, short duration alkali wash/acid 

wash (AWAiUSGS). Recently, we submitted additional samples from Wrightwood 

and from Pitman Canyon to Beta Analytic Inc. Results for these samples were 

inconsistent with dates previously obtained for the same peat layers (Fig. 5). More 

importantly, the dates were stratigraphically inconsistent: dates for samples in the upper 

part of the section were much older than dates for samples in the lower part. We 

discovered that these samples had been pretreated using acid wash/strong alkali 

wash/acid wash (AAA), and we attribute the inconsistent dates to this pretreatment 

procedure.

The organic matter in the peats consists of three fractions (Fig. 6). Fulvic acid 

and humic acid form in situ by the chemical and biological decomposition of the 

original plant matter. The third fraction, humin or the fine residual fraction, includes 

wood, charcoal and cellulose, all of which can have a detrital origin. In an 

environment free from contamination all three fractions have the same age and the 

pretreatment method is not critical. But normally, the organic fractions are 

contaminated to some extent by both younger and older material, and the goal of 

pretreatment is to concentrate that fraction which is closest to the true age of the layer. 

Fulvic acid is the most mobile fraction and the most subject to younger contamination. 

This fraction is routinely removed by a weak acid wash (Fig. 6). Humic acids in 

solution can circulate through the groundwater, but only if the pH is greater than 2. It 

does not appear that humic acids are mobile to any significant extent at Wrightwood or 

the AO/AWA dates would not show the stratigraphic consistency observed. 

Removal of this fraction by AAA pretreatment (Fig. 6) concentrates detrital wood, 

charcoal, and cellulose. Thus, samples from a part of the section containing reworked 

organic matter can give dates that are too old (Fig. 5). Nearly all of the peats at 

Wrightwood contain roots that have penetrated from the overlying peat. These roots 

are close in age to the peat which they contaminate and have only a small (5-10 years) 

effect on the age of samples that are pretreated with AO or AWA. However, when the 

humic acids are removed with the more aggressive AAA pretreatment, the younger root 

cellulose makes up a more significant portion of the sample. Thus, samples from those 

parts of the section that have little or no detrital carbon can give dates which are too
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young (Fig. 5). We plan further investigations into the most appropriate pretreatment 

for the peat samples at these sites. It may well be that isolation of the humic acid 

(alkali soluble) fraction alone may give the most accurate dates.

Laboratory radiocarbon dates for each site were dendrochronologically calibrated 

(Stuiver and Reimer, 1993). Peat layer dates were then refined using new applications 

of Bayesian statistical techniques; for Wrightwood and Pallett Creek the method of 

Biasi and Weldon was used (Biasi and Weldon, 1994a, b) while for Pitman Canyon, the 

OxCal program was used (Bronk Ramsey,1995, see also OxCal website). These 

techniques make use of dates of historic earthquakes, stratigraphic ordering, and peat 

accumulation rate to reduce layer-date distribution variance (Fig. 7) and allow better 

constrained age estimates. Prehistoric earthquake dates are obtained by calculating the 

probability distribution of the time interval between the bounding layer-date 

distributions.

Peat has been accumulating almost continuously at each site for at least the past 

several thousand years as water tables have remained high until about the turn of this 

century. Clastic sedimentation is essentially instantaneous and a small amount of time 

is unrecorded due the lag between sedimentation and colonization by plants. Peat 

accumulation rates average about 0.5mm/yr at each of the sites, but alternate between 

episodes of faster or slower rates (Fig. 8). These episodes, or peat accumulation stages, 

correlate very well between Wrightwood and Pallett Creek but the transitions occur 

earlier at Pitman Canyon. We believe that the peat accumulation rates are climatically 

controlled, being higher during relatively wet times and slower during drier times. 

Changes in rate occur earlier at Pitman Canyon either because it is below a critical 

elevation or perhaps because it faces SW rather than NE as the other sites do. The 

similarity in the peat accumulation rate curves at the three sites gives us increased 

confidence that the radiocarbon dates are reliable.

Refined earthquake-date distributions for the past 1000 years are shown for each 

site in Fig. 9. Overlap of these distributions suggests likely correlation of events 

between sites, but dating resolution is insufficient to prove such correlations for 

prehistoric earthquakes. If the distributions at adjacent sites do not overlap, we can be 

reasonably certain that the rupture stopped somewhere between the two sites. Rupture 

length is known only for the 1857 AD earthquake. Comparison of these results 

suggests that even with the exceptional stratigraphy and high-resolution dating at these 

sites, the paleoseismic record at a particular site may be incomplete. For example, 

Event T at Pallett Creek is likely the same earthquake as EV 6 at Pitman Canyon (Fig.
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9). If so, this earthquake is not recognized at Wrightwood. This was apparently a dry 

period at Wrightwood: peat accumulation rate was low and essentially no clastic 

sediment was deposited. Hence, it is not surprising that an earthquake rupture during 

this period might not be preserved as a discrete event. Similarly, WE5 at Wrightwood 

apparently does not correspond to any event at Pallett Creek or Pitman Canyon. If our 

interpretation of the evidence for this event horizon and our dating of this event are 

correct, then either this earthquake rupture was short (<50km) or it is unrecognized at 

one or both of the other sites. It may be the same as EV4 or EV5 at Pitman Canyon if 

the event dating is incorrect at either or both sites.

Keeping in mind these uncertainties in event correlation, completeness of the 

paleoseismic record, and event dating, a possible pattern of earthquake ruptures on the 

south-central San Andreas fault may be emerging from the paleoseismic data. It 

appears that large earthquakes rupturing through all three sites, such as 1812 AD, 

alternate with earthquakes that rupture into the region from the northwest or southeast, 

such as 1857 AD or event WE3/EV2. This latter earthquake may be the same as the 

most recent event reported at Indio on the Coachella Valley segment (Sieh, 1986).

The paleoseismic records from these three closely spaced sites allow re-evaluation 

of the fault segmentation model proposed by the Working Group on California 

Earthquake Probabilities. The 1857 earthquake rupture stopped somewhere between 

Wrightwood and Pitman Canyon (Weldon and Sieh, 1985). This led the Working 

Group to place the Mojave/San Bernardino segment boundary between these two 

locations. But wherever this rupture stopped, it cannot be a persistent barrier to fault 

rupture as it appears likely that no more than one other earthquake in the past 1000 

years also terminated between Wrightwood and Pitman Canyon (WE5). It does not 

appear that a strong boundary exists between Wrightwood and Pallett Creek either, as 

large earthquakes frequently appear to rupture through this portion of the fault. The 

paleoseismic evidence suggests that there is no persistent segment boundary anywhere 

between Pallett Creek and Pitman Canyon.
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Figure 3a. Composite log of main fault zone at Wrightwood showing deformation associated 
with past five earthquakes. Fault strands shown by heavy lines. Peat layers are black, stippled 
units are granitic fluvial deposits. All other units are debris flow deposits. Earthquake horizons 
are shown by broad arrows.

Pitman Canyon 
Trench 6, northwest v-cut wall, 1996
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) I peat 40 682 A,D,

Figure 3b. Simplified log of northwest wall of trench 6 at Pitman Canyon. Note that 
movement of major vertical fault near center of exposure produces an uphill-facing scarp. 
Subsequent debris flow deposits are significantly thicker on the uphill side of the fault. This 
relationship is repeated many times down-section. Analysis of fold at uphill end of excavation 
indicates that it formed by movement during three separate events.
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Figure 4. Radiocarbon dates at Wrightwood. USGS samples were treated 
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pretreatment. Samples from other laboratories were treated with acid wash 
only (AO).

0 

I<H

 £ 30-
cx

OH

>

80

90J 

100H 

110- 

120

1 -
Wrightwood Dates

Acid-Alkali-Acid (AAA) 
peat and non-peat

  uses
. Beta (1988-89)

Beta (1997) 

+ rrxx dales 

x wood dates

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2100 2200

13C corrected Radiocarbon Age (yr. B.P.)

1 - peat 140 only exists in fault graben; almost certainly contains detrital material exposed from older peats
2 - small sticks or pine cones in clastic units: dates must be the actual age
3 - roots invading peat from overlying peat layer
4 - part of section rich in charcoal and wood, probably due to a fire in the headwaters

Figure 5. Radiocarbon dates for samples from Wrightwood with acid wash/ 
strong alkali wash/ acid wash pretreatment (AAA). Mean trend of dates for 
samples with AO and AWA pretreatments shown as heavy grey line.

  41  



CO
c 
0

<D

CD

CO

E .«  
CD 
fr

Peat sample

solution

HCL (acid)
solids

acid soluble

H

Fulvic acid

acid insoluble
short alkali wash

HCL (acid)

solution

3 NaOH (alkali)

additional cycle

solids

alkali soluble alkali insoluble

Humic acid 
acid only (AO) 
acid-weak alkali- 
acid (AWA)

HCL (acid)

Humin or Fine 
Residual Fraction 
acid-alkali-acid (AAA)

Figure 6. Flow chart of organic fractions and pre-treatment procedures for radiocarbon dating of peaty 
materials.



CO

05 
P>  800
a
o

"§ 600
o
.g

c 
o
V-
05 
Omo
05 

DC

400

Sampled 20a: 650+/-40 
68% confidence

1375 AD-1400 AD 
95% confidence 

1350 AD-1410 AD

1100 1200 1300 1400 1500 
Calendar Date A.D.

£1000
CO

800

600

400

200

Sampled 20b: 630 +/-70 
68% confidence

1268 AD-1298 AD 
95% confidence 

1245 AD-1305 AD

1000 1200 1400
Calendar Date A.D.

1600

Figure 7. Dendrochronological calibration for samples from two different layers. 
Note that that the initial calibrated layer date distributions (line) have considerable 
overlap. Using stratigraphic ordering and/or sedimentation rate constraints allows re 
calculation of the distributions (solid).

  43  



CO
 

CO

16
00

14
00

12
00

O I
 

10
00

h- h- S
 

80
0

a. >
 

60
0 

D
 

40
0

20
0

W
E

T 
D

R
Y

 
W

E
T 

D
R

Y

O 
LA

Y
E

R
 D

AT
E 

U
N

C
E

R
TA

IN
TY

 

' 
S

TR
A

TI
G

R
A

P
H

IC
 U

N
C

E
R

TA
IN

TY

P
A

LL
E

TT
 C

R
E

E
K

 

P
IT

M
A

N
 C

A
N

Y
O

N

20
00

m i 
 

m I

10
00

0 
50

0 
10

00
 

15
00

 

R
E

F
IN

E
D

 C
-1

4 
LA

Y
E

R
 D

A
T

E
S

 
(A

D
)

20
00

Fi
gu

re
 8

 
Pe

at
 a

cc
um

ul
at

io
n 

ra
te

s 
fo

r W
rig

ht
w

oo
d,

 P
al

le
tt 

C
re

ek
, a

nd
 P

itm
an

 C
an

yo
n 

w
ith

 p
os

si
bl

e 
cl

im
at

ic
 s

ta
ge

s.
 

N
ot

e 
th

at
 ti

m
in

g 
of

 ra
te

 c
ha

ng
es

 c
or

re
la

te
 v

er
y 

w
el

l 
at

 
W

ri
gh

tw
oo

d 
an

d 
Pa

lle
tt 

C
re

ek
 b

ut
 o

cc
ur

 e
ar

lie
r 

at
 P

itm
an

 C
an

yo
n.

70
0 

90
0 

11
00
 

13
00

 
15
00
 

17
00
 

19
00

18
.5
7

P
A

LL
E

TT
 C

R
E

E
K

 E
V

7
12

86

13
80 EV

6 
P

IT
M

A
N

 C
A

N
Y

O
N

TO
O 

90
0 

11
00

 
13

00
 

15
00

 
17
00

C
A

LE
N

D
A

R
 Y

E
A

R
 A

D
19

00

Fi
gu

re
 9

. 
Pa

le
os

ei
sm

ic
 r

ec
or

ds
 f

or
 W

rig
ht

w
oo

d.
 

Pa
lle

tt 
C

re
ek

 a
nd

 P
itm

an
 C

an
yo

n 
fo

r t
he

 p
as

t 
10

00
 

ye
ar

s.
 

E
ve

nt
 d

at
e 

di
st

rib
ut

io
ns

 c
al

cu
la

te
d 

fr
om

 la
ye

r 
da

te
 d

is
tr

ib
ut

io
ns

 c
on

st
ra

in
ed

 b
y 

hi
st

or
ic

 e
ar

th
qu

ak
e 

da
te

s,
 s

tr
at

ig
ra

ph
ic

 o
rd

er
in

g,
 a

nd
 s

ed
im

en
ta

tio
n 

ra
te

. 
M

ea
n 

da
te

s 
ar

e 
sh

ow
n 

un
de

r 
th

e 
ev

en
t d

is
tri

bu
tio

ns
. 

Ev
en

ts
 in

 A
D

 1
81

2 
an

d 
18

57
 a

re
 h

is
to

ric
. D

as
he

d 
lin

es
 

in
di

ca
te

 li
ke

ly
, b

ut
 u

np
ro

va
bl

e,
 e

ve
nt

 c
or

re
la

tio
ns

.



Earthquake recurrence on the Washington part of 
the Cascadia subduction zone

Brian F. Atwater

U.S. Geological Survey, Seattle, USA 

atwater@ii.washington.edu

Subduction-zone earthquakes of magnitude 8 or larger pose a poorly quantified 

threat to the northwestern United States and southwestern Canada (Clague, 1997). 

Their history in southwestern Washington state has been inferred from a 3500-year 

record sudden subsidence (Atwater and Hemphill-Haley, 1997).

This record contains seven events each interpreted as a great earthquake on the 

Cascadia subduction zone. Although seven is a large number of events for a 

paleoseismic record, these events may be too few to provide much guidance about the 

conditional probability of the next great earthquake on the southern Washington part of 

the Cascadia subduction zone.

Geologic evidence for the seven events and mostly unpublished estimates of their 

ages are summarized on an accompanying page of illustrations (Fig. 1).
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The study area is along a central part of the Cascadia 
subduction zone (upper right). Cascadia is about as long as 
Honshu.

Geologic evidence for Cascadia earthquakes most commonly 
consists of buried soils at estuaries. Differences among 
successive soils provide field evidence for correlating the soils 
among estuaries in the study area (middle left).

Some of the inferred earthquakes are more convincing than 
others. They differ in the strength of known evidence that land 
subsided and that this subsidence accompanied a tsunami, 
shaking, or both (middle right).

The inferred history contains seven events in the past 3500 
years. Some are dated much more exactly than others (bottom).
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Figure 1. Index map, generalized columnar sections, and inferred history of coseismic 

subsidence in southern coastal Washington.
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Multiple large earthquakes in the past 1500 years on a fault in 
metropolitan Manila, The Philippines

Alan R. Nelson ', Stephen F. Personius ', Roily E. Rimando 2,
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Hannah Mirabueno 2 and Ariel Rasdas 2

'U.S. Geological Survey, Denver, USA
2 Philippine Institute of Volcanology and Seismology

University of the Philippines, The Philippines
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Recent assessment of the earthquake hazard posed by crustal faults in cities such 

as Los Angeles and Seattle and the economic and human loss resulting from recent 

damaging earthquakes in Northridge, California and Kobe, Japan highlight the need for 

evaluating potentially active crustal faults in urban areas. Manila with a 

metropolitan population of about 10 million is subject to earthquakes on nearby 

crustal faults as well as earthquakes on more distant plate-boundary faults. The city 

has been heavily damaged by earthquakes at least six times in the past 400 years, but 

specific sources for the earthquakes are uncertain. The Marikina Valley fault system, 

on the northeastern edge of the Manila metropolitan area (Fig. 1), is a likely source of 

one or more of these earthquakes. Determining the rate of recurrence of large 

earthquakes on these crustal faults is critical for estimating the strength and probability 

of future earthquake ground motions in the metropolitan area.

Here we report the first earthquake recurrence estimate based on radiocarbon ages 

on a hazardous fault in The Philippines the westernmost fault in the Marikina Valley 

system, which lies only 10 km east of central Manila. Trenches and stream-bank 

exposures at the Maislap site on a northern splay of the west Marikina Valley fault (Fig. 

1) show fault strands displacing silty hillslope colluvium, gravelly stream-channel 

alluvium, and cobbly debris-flow deposits (Fig. 2). Stratigraphic relations among 

upward terminations of fault strands and soil B horizons developed on three sequences 

of stream and colluvial sediment in the trenches suggest 2-3 surface-faulting events (Fig. 

3). Although most of the 19 14C ages on detrital charcoal from these deposits are older 

than their host sediment, the closest maximum ages constrain the entire Stratigraphic 

sequence to the past 1300-1700 years. Three reddish, clay-rich soil B horizons suggest
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intervals of at least hundreds of years between surface-faulting events. Minimal soil 

development and modern 14C ages from colluvium overlying a faulted debris-flow 

deposit in a nearby stream exposure point to a historic age for a probable third or fourth 

(most recent) faulting event (Fig. 2).

Neither radiocarbon dating nor the degree of soil development on stratigraphic 

units at the Maislap site provide entirely consistent numerical ages for most units. 

Most 14C samples (Fig. 2) consist of detrital charcoal and, therefore, their ages are only 

maximum ages for the host sediment. We did not measure or directly calibrate the rate 

of soil development on stratigraphic units using 14C or any other numerical dating 

method. Furthermore, many soil horizons are hard to interpret because they have been 

partially eroded or incorporated into younger overlying soils. Nevertheless, we 

estimated the times of surface-faulting events at the site by considering the maximum 

(17 samples) and minimum (two samples) age constraints provided by 14C ages and the 

position of remnants of clay-rich soil horizons within the stratigraphic sequence.

Based on our interpretation of the exposures at the Maislap site, at least two and 

perhaps four surface-rupturing earthquakes have occurred on the northeastern splay of 

the west Marikina Valley fault since AD 600 (Fig. 2). This is a short interval of time 

relative to the total errors in the 14C dating of faulting events, and most 14C ages are on 

detrital (transported) charcoal that provide only maximum constraints on the times of 

faulting. For these reasons, we cannot determine the time of each faulting event or 

calculate precise earthquake recurrence intervals. Four surface-rupturing earthquakes 

over a period of < 1300 years (the interval AD 600 to AD 1863) suggests average 

recurrence intervals of <500 years. But if only two earthquakes occurred (If A? and B 

are same event, and C and D are the same event; Figs. 2 and 3), recurrence could be 

more than 1000 years.

We suggest a conservative range of 300-1000 years be used in assessing the 

hazard from surface-rupturing earthquakes on the northern part of the west Marikina 

Valley fault. Such a range reflects the uncertainty of our dating and the fact that 

recurrence data are available from only a single site on a splay of the fault. Both 

historic and detailed prehistoric records of large earthquakes illustrate that recurrence on 

individual faults is commonly clustered. However, the time intervals needed to form 

the three soils with argillic B horizons in trench 1 argue for earthquakes that were not 

tightly clustered in time. For this reason and because we think events C and D are 

separate events, we favour shorter recurrence intervals of roughly 400-600 years over 

longer intervals of 1000 years.
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Figure 1. Map showing the locations of the east and west Marikina Valley faults, which 
strike through the metropolitan Manila area (Metro Manila, light shading) of central Luzon. 
The Maislap trench site is on a northeast-trending splay of the west Marikina Valley fault 
in the northern part of the Marikina Valley.
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Figure 2. Diagram showing relations among stratigraphic units and timing of surface-faulting earthquakes 
at the Maislap site. Triangles show 14C-dated charcoal samples; 14C ages are calibrated and expressed as 
time intervals in cal yr AD (approximate calendar years A.D.) at two standard deviations and rounded to 
the nearest 10 years. Large numbers correspond with sequences of stream-channel and colluvial deposits 
(sequences la, Ib, and 2) displaced during faulting events A?, B, and C, respectively. Erosional 
unconformities bounding deposits are inferred from truncated bedding and soil horizons. Question marks 
indicate uncertainty in the existence of event A, the stratigraphic position of events B and C in trench 2, 
and the age range of event C.
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Figure 3. Vertical extent of fault strands (solid vertical lines) in fault zones (FZ1, FZ2, FZ3) relative 
to the stratigraphic position of surface faulting events A?, B, and C in trenches 1 and 2. Patterns, 
symbols, and labels for faulting events, stratigraphic sequences, and fault zones as in Figure 2. 
Indistinct or inferred parts of strands are dashed. The range in the number of terminations for each 
faulting event (right edge of figure) is the number of distinct strands and the total number of strands. 
Question marks indicate uncertainty in the correlation of faulting events to strands in the southwest 
wall of trench 1 and in trench 2. Although as many strands were mapped terminating near the position 
of event A? as for any other event (7-10), all but one of the distinct strands terminating at this position 
were in one fault zone (FZ2, Wall 2). For this reason, we cannot demonstrate that event A? is a 
separate faulting event.
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Introduction

I thank our Japanese hosts for their generous invitation to come here and speak 

today. I'm always happy to come to Japan. It's very fun because I can "pass" for a 

Japanese person on the street even though I am really a foreigner. This creates many 

amusing situations, as I'm sure you can imagine.

The 1700 Cascadia earthquake, which occurred on the Cascadia subduction zone 

offshore of the Pacific Northwest coast of North America, has been a major focus of 

paleoseismic research in the US and in Japan over the past decade. Accordingly, today 

I had planned to review four topics--(l) the research setting for tree-ring dating the 1700 

earthquake; (2) details of data processing; (3) a progress report; and (4) opportunities 

for continuing Japan-US collaboration. However, after submitting my title, I decided 

to omit the data processing. (It seemed too "boring" to discuss here today, even 

though it has not yet been reported in detail and is an important component of the 

work.) Instead, I will cover only topics (1), (3), and (4).

(1) The research setting

As most of you know, the 1700 Cascadia earthquake has been dated to 9 p.m. 

local time on January 26, 1700. This remarkable result evolved from a series of steps:

(a) Conventional radiocarbon dating first identified the time of occurrence as "about 300 

years BP" (e.g., Nelson, 1992).

(b) High-precision radiocarbon dating focused the possible interval to 1680 to 1720, at 

least for southern coastal Washington (Atwater et al, 1991).

(c) High-precision dating, applied to the entire Cascadia coast from British Columbia to 

northern California, raised the possibility of a moment-magnitude 9 event (Nelson et 

al., 1995).
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(d) Japanese historical records of a large tsunami from afar supported the inference of a 

magnitude 9 event, as well as assigned the calendar date and time (Satake et al,

1996).

(e) Last, tree-ring dating of killed trees along 90 km of southern Washington coast 

proved that the tsunami came from Cascadia. The dated trees have outermost ring 

dates of 1699~the last growing season before the earthquake (Yamaguchi et al,

1997).

The evidence in (d) for a magnitude 9 event can be summarized by paraphrasing 

the Japanese pop song, "Ai hitotsu, yume hitotsu" ["One love, one dream" by Kye 

Eunsook] as "Tsunami hitotsu, jisshin hitotsu." ["One wave, one quake"]. In other 

words, only one big tsunami was recorded in Japan instead of several smaller ones 

spaced closely in time. Thus, there must have been only one big source-earthquake.

(3) Progress

The main progress I would like to report on is the presence of a likely 1700- 

earthquake-killed redcedar tree, the species we have been working with, 100 km north 

of the limit of our current sampling distribution on the Washington coast. A tip from a 

local resident places the tree at LaPush on the northern Washington coast. The 

presence of this rooted tree, near the beach, is significant because it holds the promise of 

doubling the length of coast over which we can demonstrate synchronous coastal 

submergence. The length of affected coastline is important because it improves 

knowledge of the area of slip of the earthquake, and thereby, of earthquake magnitude.

(4) Opportunities

During the past five years, I believe the world has changed from one of Japanese 

earthquake scientists doing their thing, and Americans doing theirs, to one where 

increasing efforts are being made to work together. These changes in part reflect the 

Kobe earthquake and the publication of Satake and et al. (1996) paper. Now, we're all 

on the same team. The question thus becomes, how can we best utilize our joint 

efforts?

Speaking as a Seattle resident, I can say that the "Person in the street" there is 

generally aware of the Cascadia great-earthquake hazard. The topic has received much 

recent media coverage, even in the time since Brian Atwater has been here in Japan

  54  



(since September; e.g., Pierce, 1988). Ordinary people I've met recently such as a tow 

truck driver, my dental hygienist, and my doctor are all aware of the hazard.

In contrast, the Seattle public is not aware of the associated tsunami hazard. 

Unlike Japan, tsunami are outside of the experience of most Americans. Basic 

knowledge of tsunami is therefore lacking. (Lately, some efforts have been made to 

improve this situation, however, e.g., Atwater etal. in press).

In addition to having long historical records of earthquakes and tsunami, Japan 

also appears to have abundant tsunami educational materials. One example is artwork 

of people caught in tsunami from the 1896 Sanriku earthquake (Fig. 1). Another is the 

detailed description of historical accounts of runup of the tsunami from the 1700 

Cascadia earthquake (Tsuji et al. 1998). Accordingly, much can be accomplished by 

translating existing Japanese materials into English, and by repackaging it for American 

readers.

Starting tomorrow, Brian and I are setting out on a two-week tsunami tour, a 

tsunami monogatari, to see what we can learn of the Japanese tsunami record in this 

time. One purpose is to see for ourselves the sites and documents of the 1700 run-up. 

We will travel from Kii-Tanabe (Wakayama-ken) to Miyako (Iwate-ken), retracing the 

path of Satake et al. (1996) and Tsuji et al. (1998). A second purpose is to compare 

runup from that event with that from the 1960 Chilean earthquake to improve 

knowledge of the magnitude of the 1700 earthquake. A third purpose is to gather 

materials that will help us explain tsunami hazards to the American public. We will 

not be able to do much more than an exploratory survey on our brief trip, so 

undoubtedly we will have to come back at some point.

To complete these and related efforts, we will need the cooperation of many 

Japanese researchers. During the next few years, they may receive e-mail requests for 

help from us for various things. We hope that you will join us in these efforts.
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Figure 1. People in the 1896 Sanriku tsunami (from Yamashita 1995).
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Recurrence time of large or great earthquakes is much longer than the history of 

instrumental seismological observation; hence the paleoseismological method is 

essential to understand large earthquakes.

The accomplishments of paleoseismological studies in the last two decades are 

summarized as "On Fault Paleoseismology". During the past two decades extensive 

efforts to reveal paleoearthquakes have been made mostly by means of trench 

excavation on active faults, yielding many important concepts of paleoseismicity, such 

as the recurrence models of fault movement. Accuracy of dating past earthquakes has 

significantly improved by using the calibration curves with tree ring data, 

archaeological or tephrochronological evidence. The estimated dates of past 

earthquakes can be compared with records in historical documents. However, 

estimation of physical parameters of earthquakes is usually more difficult.

Off Fault Paleoseismology is a future challenge for seismological understanding 

of large earthquakes. Earthquakes leave various types of evidence off faults, which 

can be studied to approach more closely to the physics of paleoearthquakes. Several 

attempts to utilize these data have been already made including: distribution of marine 

terraces and their heights give a view of seismic deformation; inundation heights of 

paleo-tsunami recorded in the coastal deposits also provide information on size of a 

tsunamigenic earthquake; characteristics of paleo-liquefaction give macroseismic 

intensity; turbidities in marine or lake deposits also give macroseismic intensity. 

These are all off fault phenomena being preserved in the geologic deposits. Studies of 

these data could lead us more closely to the physical understanding of the past 

earthquakes.
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1. Introduction

The Hinagu fault system extends for about 75km from northeast to middle of 

Kumamoto Prefecture in Kyushu, southwest Japan. It consists of the Futagawa- 

Kitamukiyama fault (Watanabe and Ono, 1969; Watanabe, 1972) in the northern part 

and the Hinagu fault (Matsumoto and Kanmera, 1964) in the southern part. The 

former is 20km long and strikes N60°E, and the latter is 55km long and strikes N30°E. 

We conducted boring and trench excavating surveys at two sites, Takagi site in Mifune 

Town and Kakoi site in Miyahara Town, to reveal the paleoseismology and activity of 

the Hinagu fault system.

2. Results

2. 1. Takagi site in Mifune Town

The surveyed site locates the northern part of the Hinagu fault. In this area the 

Hinagu fault was revealed to have geographical evidence of active fault with dextral 

displacement (Chida, 1979). The boring survey across the fault reveals west-up 

displacement in the upper strata than the Aso-3 pyroclastic flow sediments (Watanabe, 

1978) whose age is about 120ka (Matsumoto et.al, 1991), on the contrary, east-up 

displacement in the lower strata. The trench excavating survey indicates two reverse 

faults striking N15°E and dipping 70-85°W. The west fault is overlain by the 

Holocene sediments; on the other hand, the east one cuts the same sediments forming 

vertical 15-30cm east-up displacement. Moreover, the latter cuts the lower peat layer 

of about 1,500 year BP and is overlain by the upper peat layer of about 1,350 year BP. 

The specific excavation tracing the boundary between the Holocene sediments and the 

basement rocks confirms the horizontal 2.2m right-lateral displacement.
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2. 2. Kakoi site in Miyahara Town

This site is located at the middle of the Hinagu fault. The boring survey revealed 

two parallel faults 50m away from each other have east-up displacements, and trench 

excavation was conducted across each fault. In the east trench, the normal fault 

appeared, forming the boundary between peat layer of 15,500-15,900 year BP and 

interval sediments of Aso-4/Aso-3 (about 70-120 ka). This fault displaced the silt 

layer on the peat about 1m vertically, and is overlain by the sediments of 1,350-2,100 

year BP. In the west trench, the high-angle reverse fault appeared, displacing the peaty 

silt layer of 8,100 year BP about 2m vertically.

3. Conclusion

From the result of the boring and trench excavating surveys across the Hinagu 

fault, the paleoseismology and activity of the Hinagu fault system are concluded as 

follows.

Based on the result of the surveys at Takagi site in the northern part of the Hinagu 

fault, the latest event occurred between 1,300 year BP and 1,500 year BP. Its vertical 

displacement is 0-0.3m and horizontal one is right-lateral 2.2m. Since the deposition 

of Aso-3 pyroclastic flow, this fault has not indicated significant vertical displacement, 

and its average vertical slip late is 0.04-0.2 m/ka.

On the other hand, based on the result at Kakoi in the southern part of the Hinagu 

fault, the latest event occurred before 2,000 year BP, and its vertical displacement is 

about 3m. This fault accumulated the vertical southwest-up displacement, and its 

average vertical slip rate is about 0.4 m/ka.

Consequently, the Hinagu fault can be divided into two segments, the northern 

Hinagu segment and the southern Hinagu segment, and adding the Futagawa segment, 

the Hinagu fault system is composed of the three segments.
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N-S trending thrust and fold systems are distributed in the Inner Arc Zone of 

Northeast Japan and they have deformed thick soft sediments (Miocene-Quaternary) 

and late Pleistocene marine terraces. In Noshiro Plain (Fig. 1), one of coastal plain 

along the Inner Arc Zone, late Pleistocene marine and fluvial terraces are widely 

distributed. Height of last interglacial (marine isotope stage 5e: 125 ka) marine terrace 

is uniform around 60 m in the northern and middle part of plain, while it declines 

southward from 50 m to 20 m in the southern part of the plain (Fig. 2A). Height of this 

terrace is over 100 m in further north area.

There are two west-dipping thrusts (Noshiro thrust and Moritake thrust) in 

Noshiro Plain. These thrusts run parallel with distance of about 7 km. Western margin 

of terrace is bounded with flexural scarp which are formed by Noshiro thrust. Vertical 

slip rate estimated from the height of flexural scarp is 0.3 - 0.4 m/ka. This rate agrees 

with uplift rate of this area based on former shoreline heights. Moritake thrust runs 

almost inner margin of the plain and the rate of its vertical slip is less than 0.1 m/ka.

Southern end of flexural scarp of Noshiro thrust corresponds to the point where 

the height of former shoreline would decrease southward gradually. Based on the both 

patterns of shoreline height change and distribution of vertical slip rate of Noshiro thrust 

(Fig. 2B), uplift of marine terrace is related to the activity of Noshiro thrust. 

Furthermore, these data show that segment of this thrust is c.30 km in length and long 

term vertical displacement of this thrust is uniform through it.

Historical records show that the area between two thrusts was uplifted by 1 m in 

1694 Noshiro Earthquake (M ~ 7) which was produced by faulting of Noshiro thrust. 

Vertical slip rate of this thrust and uplift rate of marine terraces indicate that 

earthquakes like that had occurred with an interval of 2,000 - 2,500 years since at least 

last interglacial period.
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FIG.1 LOCATION OF STUDY AREA
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A landscape in south Sakhalin is characterized by topographic contrast between 

mountains and a basin: the west Yuzhno-Kamyshovyy Mts., the east Susunayskiy Mts., 

and the central Susunayskaya Lowland. Recently, on the basis of airphoto investiga 

tions, several researchers have pointed out that there would be active faults along the 

western side of the Susunayskaya Lowland from Sovetskoye to Aniva Gulf (about 47.5° 

to 46.5° N) or further. Nevertheless, no geological evidence has been obtained by a 

field survey yet. In order to confirm the presence of active faults and to evaluate their 

activities, we have conducted a trenching survey on a NNE-SSW-trending scarp in 

Taranay, 40 km SSW of Yuzhno-Sakhalinsk. As a result, we classified the topsoils 

and the Quaternary sediments into the sum of 11 units, and then we could find three 

west-dipping thrusts, Fl to F3, and specific deformation such as imbricated fabric of 

clasts subparallel to the faults. Fl and F2 cut the fluvial gravel layers that had been 

deposited during the Last Glacial (35-25 cal ka: radiocarbon basis). In contrast, these 

faults seemed to be capped by the topsoils (3-1 cal ka). No increasing displacement on 

the faults with age was identified. Fl and F2 converged smoothly near the bottom of 

the trench and the displacement of faulted beds by F2 was nearly equal to that by Fl, 

suggesting the simultaneous activity. The timing of the last event of Fl and F2 is 

thought to be after 35 cal ka at the earliest and before 1 cal ka at the latest. The timing 

of F3 faulting, however, could not be determined since the geological relation between 

F3 and its surrounding beds was equivocal. Although the fluvial gravel layers truncated 

by the faults were tilted toward east over 40°, vertical slip of the faults ranged only from 

0.25 to 0.45 m. Besides, these faults turned unclear and invisible in the lower part of 

the trench. These facts imply that the main fault with large displacement might exist 

under the trench bottom. The presence of active faults along the Susunayskaya 

Lowland has been confirmed but some important parameters are still uncertain.
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1. Why the North Anatolian fault in Turkey ?

Along the North Anatolian fault a remarkable series of Ms 7+ earthquakes 

accompanied by conspicuous surface ruptures occurred between 1939 and 1967 (Fig.l). 

This series of earthquakes has attracted attention because of the westward migrating 

sequence of events. Learning whether a similar series of events has occurred 

repetitively in the past and whether it will be repeated in the future could play an 

important role to refine earthquake recurrence model; understanding earthquake 

interaction on long active faults and estimating maximum earthquakes occurred along 

the faults have great importance for seismic hazard assessment. In order to answer 

these questions, it is essential to clarify the earthquake recurrence records on individual 

fault rupture segments. To this end we have started trenching survey on the North 

Anatolian Fault at Ilgaz, near the boundary of the 1943 and 1944 earthquake ruptures 

since 1996 (e.g. Sugai et ai, 1997; 1998). Long recorded histories of earthquakes in 

Turkey give us invaluable opportunity to evaluate the surface rupture length and 

magnitude of individual paleoearthquakes.

2. Trenching survey

The trench site is located on marshy grassland in front of an alluvial fan toe 

formed by tributaries flowing on the south-facing slope of the Ilgaz Range (Fig.2). 

Three adjoining trenches were excavated across a single fault line running nearly east- 

west. Interviews with local villagers who remembered the earthquake revealed that
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this latest surface rupture event occurred in 1943. The trench walls display a late 

Holocene record of sedimentation and earthquakes (Fig.3). The sediments are divided 

into over 100 beds of peat, humus, silt, sand, and gravel with thickness ranging between 

1 to 20 cm. The sediments are also rich in radiocarbon-dating materials. Individual 

beds can be combined to 13 sedimentary units (Fig.4). Based on stratigraphic 

indicators appearing on the trench walls, such as angular unconformity, filled fissures, 

colluvial wedges, and liquefaction-induced features, four certain and one probable 

faulting events were recognized during the last 2000 years.

3. Timing of faulting events and their correlation with historical earthquakes

The radiocarbon dates of 46 samples from various horizons, indicate the timing of 

each faulting event: the preceding event (Event 2) occurred in between AD 1495 and 

1850; Event 3 between 890 and 1190;. Event 4 between 640 and 810; Event 5 

(probable event) between 0 and 150 (Fig. 5). It is highly probable that the event 2 and 

3 produced the large historic earthquakes in 1668 and 1050, respectively. 

Approximate recurrence intervals between earthquakes varied from about 280 to 620 

years.

4. Displacement-per-event and average slip rate

By combining the 3D-trenching and detailed topographic mapping (we made 1 to 

100 scale topographic map with contour interval of 10 cm using total station), we can 

estimate the lateral slip per faulting event concerning the last three events; slip of the 

1943, 1668 and 1050 earthquakes are estimated to be 2.5 to 3.0 m, 5.0 to 6.0 m, and 6.0 

to 7.0 m, respectively (Sugai et «/., in preparation).

The time-slip diagram (Fig. 6) indicates that the average slip rate is 12.5±2.5 

mm/y during the last millennium. This rate is almost the highest among the known 

rates which have been geologically evaluated along the North Anatolian fault. 

However, it is about the half of the rate given by GPS data (e.g. Oral et al, 1995). 

This discord suggests that intraplate deformation should not be neglected at least in the 

central part of the North Anatolian fault.

5. Earthquake sequences along the NAF and its paleoseismoligical implications

The 1668 earthquake with the rupture length of over 400 km has been considered 

to be one of the maximum historical events along the North Anatolian fault (Ambraseys 

and Finkel, 1995). Slip of the 1668 and 1050 events is almost the same, 6±lm.
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Considering the large slip of the 1050 earthquake and the eastward earthquake 

progression during 967-1050, we think that the 1050 rupture reached the east region 

with no-historical earthquake records (Fig. 7). On the other hand, the 1943 slip, 2.5m, 

which is less than a half of those of 1668 and 1050, implies that the 1943 event was 

triggered by the 1942 earthquakes. This may give us the reason why the recurrence 

interval between the 1943 and 1668 events (275 years) is shorter than that between the 

1668 and 1050 events (618 years).
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Figure 3. Logs of successive four walls of trench 1 and 2. View west along the North 
Anatolian fault; the eastern parts of the trenches are mirror images. Diamonds with 
numbers show locations of I4C samples; their dates and approximate, age of each geologic 
unit are shown in Figure 5. Logs show evidence for five earthquakes during the past 2ka.
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characteristics of geologic units pollen analysis

unit 1: soil, silt deposited over the fault scarp (wilh 10 cm height).
unit 2: peat wilh thin silt, deposited over the fault scarp, (top) convolute bedding.
unit 3: colluvial wedge (with unsorted angular gravels).
unit 4: peat and pcaly silt
unit 5: (lop):buried fissures filled wilh unit 4 (peal).
unit 6: silt and sand, deposited only downlhrown side (dammed).
unit 7: green gravels, basically control the present earth-surface slope
unit 8: clay, humic silt, sand, and gravels, alternated wilh lots of pine cone.
unit 9: angular gravels, lying wilh angular unconformity
unit 10: clay, severely eroded.
unit 11: buried paleosol wilh liquefaction-induced features sucli as injected sand.
unit I2:(uppcr part): sill and clay, (lower pail): silt and sand, lying wilh angular unconformity .
unit 13: sand and humic silt, convolute bedding, wilh the steepest average dip

* pollen analysis + (warm and/or humid)   (cool and/or dry) ± (same as the present
4- 

conditions)

Figure 4. Characteristics of geologic units.
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Figure 5. Timing of the five large earthquakes (top) in the past 2ka based on the 
14C dates (bottom:the number of samples from trench 1 and 2 is 42 in total, 
locations shown in Figure 3 ). The last three events of event 1, 2, and 3 can be 
correlated with the historical earthquakes of 1943, 1668, and 1050, respectively. 
Note that Turkey has long recorded histories of earthquakes (Figure 7)
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New geophysical and geologic findings show, for the first time, subsurface 

branching and Holocene activity in the Kongo fault system. The system extends 18 

km along the southwest side of the Nara basin, which contains the remains of Japan's 

capital city in the 8th century AD (Fig. 1). The Kongo fault system continues 

southward to the Median Tectonic Line, towards which it swings westward. In the 

north it contains three faults of parallel strike, called Yamaguchi, Kongo, and Yamada 

(Fig. 2). Seismic reflection surveys show that the Yamada and Kongo faults merge 

about 300 m below the surface (Fig. 3). They displace a prominent reflector, 

interpreted as the contact between granite and Pleistocene deposits, by 240 - 350 m. 

The displacement of Pleistocene beds and terraces implies vertical slip rates in the range 

0.1-0.6 mm/year. The last major surface rupture produced faults seen in outcrop (Fig. 

4) and in a trench (Fig. 5). It probably occurred in the first few centuries AD, as 

judged from a dozen radiocarbon ages (Fig. 6). The most closely limiting of these 

ages are 1900 ± 60 I4C year BP (a piece of wood in the faulted strata) and 1780 ± 

50 14C year BP (wood in overlying, unfaulted strata), or between 40 BC and AD 380. 

A minimum vertical displacement of 1.2 m, measured in the trench, implies an 

earthquake magnitude close to 7, comparable to the 1995 Kobe earthquake. The 

average recurrence interval is probably in the range of 2000 - 12,000 years. This range 

is broad because the slip rate is poorly known, and result the probability estimates for 

the next earthquake, on the basis of Probabilities, highly variable.
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outcrop Ik-13
1660 ±40

2050 ± 40

Osaka c roup'7 ̂

0

, _'2030±
1990 ±70 / charcoal 

2300 ±110

outcrop Ik-14

alluvium.^:/

< v/-s*v ; r'   i*^x<: V: :.v

0 1m pa° o
humus sand pebble boulder granite

Figure 4. Sketches of two outcrop. At outcrop Ik 13, fractured granite appears thrust over 
alluvium dated 1900 - 2300 14C year BR At outcrop Ik 14, two faults bounding a fracture 
zone about 1 m wide are covered by alluvium dated 1530 ± 60 14C year BR
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Figure 6. Calibrated ages of samples from outcrop 
(Ikl3 and 14) and trenches (NT1 and 2). The 
youngest age of faulted strata is 40 BC-AD250 (IK13- 
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layer over the fault is AD 130-380 (NT1-13) or 1780 
±50 year BR Hence the most recent earthquake 
occurred between 40 BC and AD 380.
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Sedimentary systems and earthquake events? confined by
active faults : a case of the western Biwako fault system

in the Hira-Adogawa region, Shiga prefecture,
central Japan

Futoshi Nanayama ', Kiyohide Mizuno 2 and Taku Komatsubara '

1 Geological Survey of Japan 
2 Geological Survey of Japan, Osaka branch

nanayama@gsj .go.jp

1. Object

Many active faults are mapped west of Lake Biwa, and these have generated intra- 

plate earthquakes as documented in historical documents (e.g. Sangawa et ai, 1987 ; 

Taishi et al., 1987,). For example, an earthquake in 1662 (2nd year of Kanbun period) 

on the western side of Lake Biwa caused significant ground subsidence and slope 

failure that caused great damage. Other earthquakes also caused ground subsidence 

and slope collapse. It is important to trace these evidence for long-term earthquake 

forecast and hazard reduction.

Geological Survey of Japan carried out systematic active faults analysis of the 

western coast and sub-bottom area of Lake Biwa in 1996. In this study, we try to 

identify earthquake traces in the sub-bottom acoustic profiles, piston cores from 

underwater slopes and boring cores from delta areas.

2. General topography of Lake Biwa

The Lake Biwa is the biggest lake in Japan, with 674 km2 in area, total length of 

235 km, situated at 85m above sea level, distributed Shiga prefecture in central Japan. 

This lake is divided into three divisions, North, Middle, South basins, from north to 

south. North basin is almost 80 m in depth, Middle basin is in 70 m in depth. These 

two basins are currently being subsided. On the other hand, South basin is only 5 m in 

depth and filling up to date (Uemura and Taishi, 1990).

In the bottom of the lake, the deepest parts of basins are situated along the western 

side, and gently inclined east to west. This inclined topography was created by cyclic 

subsidence by active fault system of the western Lake Biwa fault system. We think
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this subsidence has occurred since 300-400 ka because of the age of the bottom clay of 

central part of Lake Biwa (Takemura and Yokoyama, 1989). Further, it was estimated 

that vertical movement is the rate of 0.5-0.7m/ka at present (Ikeda et al, 

1979).

3. Acoustic surveys off Hira area

We carried out acoustic surveys at underwater slope off Hira area by Sonoprove 

acoustic surveyor (Kaijyo Electonic: Type SP-3) and keeping the speed of research boat 

at 2-3 knots.

These acoustic profiles show many tectonic trends, like flexure, anticline, syncline 

in the SW- NE direction running parallel each other. Generally, these form a flexure 

zone inclined to NE direction, because of ductile deformation of thick loose sediments. 

We suggest that the flexure belt extends to main faults (Hira Fault?).

At the sub-bottom area, there are a few small faults dipping westward in the 

opposite direction of the slope. We suggest that these faults are subfaults occurred by 

main fault event under the ground. We estimated that these faults occurred at 2-3 ka 

and 1.1 ka by correspondence of acoustic reflections and piston cores data. Further, 

these reflections are compared with depth of regional tephra layers, furthermore, debris   

flow sediments and turbidites.

4. Analysis of piston cores off Hira area

We recovered total 54 m piston cores at six sites (Sites 1-6), 10 holes, total 54 m 

off the Hira delta. We identified many thin turbidites by description of sedimentary 

facies, X-ray photo analysis and magnetic susceptibility.

These cores are mainly consisted of biotubated offshore mud facies, occasionally 

interbedded the regional tephra (K-Ah: 6.3, U-Oki: 9.3, AT: 25, DNP: 60, Aso-4: 70, 

K-Tz: SOkaetc.) and fine to coarse turbidites (T01-T10). We calculate the 

sedimentary rates of the sections without turbidite thickness by regional tephra and 

14Cdata, then estimate the event ages of turbidites. They are, T01: 1.2, T02: 1.5, Tl: 

3.1, T2:3.8, T3: 4.7 , T4: 7.0, T5: 7.9, T6: 8.2, T7: 8.8, T8: 11.0, T9:11.8,T10: 

85 ka. Among these, Tl and T2 events corresponded to active fault events of sub- 

bottom off Hira area mentioned above.
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5. Analysis of boring cores at the Hiragawa and Adogawa deltas

We recovered 50 m boring cores at Hiragawa delta (KH-50) and Adogawa delta 

(MN-50). These sediments are mainly Delta-plain and Alluvial fan facies consisting 

of loose coarse sand to conglomerate. However, we could identify some sedimentary 

facies and systems showing subsidence events by earthquake events (?).

In particular, in MN-50, we could identify two subsidence events at 3.5m (300 

year. BP?) and 20m in depth (11 ka). In addition, in KH-50, we could identify large 

unconformity between 0.5 to 10 ka at 18 m depth. However, we could not understand 

in detail.

6. Conclusion

There are many active faults along the western side of Lake Biwa, and this lake is 

confined by activity of these faults. In particular, we know that causative faults of 

historical earthquakes, namely Kanbun 2 nen earthquake (1662 ; 300 year BP) and late 

Jomon earthquake (3 ka) were situated around this region (Sangawa et al, 1987; 

Sangawa and Tsukuda, 1987; Taishi et al., 1987). Taishi et ai (1987) already pointed 

out the debris flow sediments off Adogawa area were from these earthquake events. 

Finally, we could not say that all of these event sedimentations are caused by 

earthquakes. However, we emphasise that these are important indicators of 

earthquakes, and provide important information on cyclic activity of active faults.
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Sedimentary characteristics of recent tsunami deposits from 
the 1993 Hokkaido nansei-oki tsunami, northern Japan

Futoshi Nanayama \ Koichi Shimokawa \ Kenji Satake ' and Kiyoyuki Shigeno 2

1 Geological Survey of Japan 
2 Meiji consultant co., ltd., Japan;

nanayama@gsj .go.jp

Tsunami deposits can provide important evidence for the occurrence of prehistoric 

earthquakes. Prehistoric great earthquakes at the Cascadia subduction zone, for 

instance, have been inferred not only from geologic evidence for coseismic change in 

coastal land level, but also from sand sheets ascribed to associated tsunamis. For some 

such sand sheets, a storm origin can be convincingly discounted on the basis of 

stratigraphic position, architecture, and fossils. In other cases, however, the origin of a 

sand sheet can be ambiguous. In hopes of reducing such ambiguity, we studied 

modern tsunami and storm deposits on the Japan Sea coast of Hokkaido, in a trench 3 m 

wide, 9 m long, and 1.5 m deep.

The trench was located in Taisei, a village struck by a typhoon in 1959 and a 

tsunami in 1993. The typhoon generated a storm surge that lasted about an hour and 

reached a height about 6 m above ordinary high-tide levels. The tsunami, caused by a 

nearby earthquake of magnitude 7.8, comprised two main waves, the first having a 

maximum height of 6.8 m, the second 8.6 m. Effects included the transport of a house 

about 30 m inland.

The tsunami and storm deposits in the trench are similar in thickness, which in 

both cases decreases landward from a maximum of about 50 cm. The tsunami deposits 

can be divided into four layers. We correlate these layers with landward and seaward 

flow from the two main tsunami waves; the flow directions are shown by imbrication of 

gravel and the remains of knocked-down plants. The landward tsunami flow deposited 

marine sand and rounded gravel, whereas the return flow deposited a poorly sorted 

mixture of mud, sand, and gravel. Only the storm deposit shows foreset lamination. 

This deposit is mostly marine sand that is better sorted than any of the tsunami deposits.
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Most recent paleoearthquake constraints and slip rates for a 
portion of the Hurricane fault, southwestern USA

Heidi D. Stenner ', William R. Lund 2 and Philip A. Pearthree 3

1 US Geological Survey, Menlo Park, USA
2 Utah Geological Survey, USA 

3 Arizona Geological Survey, USA

hstenner@usgs.gov

Slip rates over different Quaternary time intervals and the timing and size of the 

last ground-rupturing earthquakes are constrained along several portions of the 

Hurricane fault in northwestern Arizona and southwestern Utah, USA. The 

paleoseismic study involved total station mapping and profiling, soil age estimation, 

cosmogenic isotope dating, geomorphic modeling of fault scarps, and trenching of 

faulted landforms. The goal of these methods was to provide paleoseismic parameters 

for future seismic hazard analyses of this major fault whose earthquake chronology is 

previously unstudied. The 250-km-long normal fault exists on the eastern edge of the 

extensional Basin and Range physiographic province and traverses an area of growing 

population. Numerous fault scarps, developed in unconsolidated alluvial surfaces, 

increase in height with increased surface age, indicating recurrent dip-slip in the late 

Quaternary. No evidence for significant Quaternary horizontal offset was observed.

The most recent ground-rupturing event (MRE) along the northernmost Ash 

Creek section of the fault likely yielded a slip of ~2-3 m during the early Holocene or 

latest Pleistocene (Fig. 1). Slip rates along the Ash Creek section are the highest for 

the fault, at 0.36-0.41 mm/yr over the past 860 ka. Slip rate decreases to the south, 

along the southern Whitmore Canyon section slip is estimated at 0.05 -0.2 mm/yr for 

the past 90 ka and 0.07-0.13 mm/yr for the past 153 ka. The MRE produced -2-4 m of 

slip during the early Holocene or latest Pleistocene and ruptured at least 15 km through 

the Whitmore Canyon section (Fig. 1).

The Anderson Junction section of the central Hurricane fault was studied in the 

most detail. Based on soil development in trench exposures, the MRE likely ruptured 

5-10 ka. A 0.60 m displacement during the MRE, measured at the Cottonwood 

Canyon site in Arizona (Figs. 1 and 2), is probably representative of at least the 10 km
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of fault to the north of the site, where fault scarps of similar size and age are preserved. 

Another 18 km of fault farther north may have also ruptured during the last event but 

evidence is lacking. The absence of evidence does not preclude rupture, however, as 

the effect on the landscape may be short-lived or obscured if faulting ruptured the 

bedrock base of the large Hurricane Cliffs (Fig. 3). Empirical relationships between 

surface displacement and the moment magnitude or rupture length for the Anderson 

Junction MRE yield a possible moment magnitude of 6.1-7.0 and a minimum rupture 

length of 19km.

At the Cottonwood Canyon site, a large fault scarp developed in a 70-125 ka 

alluvial fan records 18.5-20 m of displacement, yielding a slip rate of 0.1-0.3 mm/yr. 

The large scarp gives evidence that the last 0.60 m-displacement event is not likely to 

be typical of previous late Quaternary faulting events recorded at Cottonwood Canyon. 

Over 30 events occurring about every 2-4 ka are required to have produced the large 

scarp if the MRE is the typical earthquake. For a recurrence interval of 2-4 ka at least 

two events would likely have taken place during the Holocene. Evidence only exists 

for one Holocene event, possibly implying a longer average recurrence interval. The 

atypical nature of the MRE at Cottonwood Canyon may be due to that site's proximity 

to a potential rupture boundary zone.

The 0.1-0.3 mm/yr slip rate at Cottonwood Canyon, since the latest Pleistocene, is 

roughly similar to the 0.23-0.42 mm/yr rate obtained for the past 300 ka by Hamblin et 

al. (1981) along the same section of fault, indicating that the slip rate may be constant 

over the late Quaternary. During the Holocene, however, only one 0.60 m-slip event 

has occurred at Cottonwood Canyon, a slip rate of 0.04 to 0.12 mm/yr. Either the 

recurrence interval of large events is larger than the duration of the Holocene, with the 

Holocene time window being too short for the slip rate to average to the long-term rate; 

or the recurrence interval is less than 10 ka but there is a slip deficit, with rupture 

overdue.
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HURRICANE FAULT
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normal fault
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SECTION
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Slip Rates
>0.1 mm/yr (-100 ka) 
0.36-0.41 mm/yr (860 te) 1

Zion
National
Park
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early Holocene to late Pleistocene
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0.15-0.29 mm/yr (-100 ka) 
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Cottonwood Canyon Site
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0.6 m normal slip, average? 
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length 15 km, minimum
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CANYON 
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0.05-0.2 mm/yr (90 ka) 
0.07-0.13 mm/yr (753 ka)3
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1 New Mexico Geochron Res.Lab., 1998
2 Hamblin, Damon, and Bull (1981)
3 Fenton. 1998

Figure 1. Map of the Hurricane fault, in the southwestern United States, showing the divisions 
of the 5 sections. The sections are identified by major fault step-overs, convex bends, changes 
in number of fault strands, and cumulative displacement changes (Stewart and Taylor, 1996; 
Stewart and others, 1997). Shown also are the characteristics of the most recent event (MRE), 
determined from this study, and the slip rates over different periods of time for different sections 
along the fault.
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Deformation of Quaternary deposits and ground surface
caused by bedrock fault movements 

-Trenching studies and model experiments-

Keiichi Ueta ', Kazuo Tani', Nobuhiro Onizuka 2 , 
Takahiro Kato 3 and Katsuyuki Maruyama 3

1 Central Research Institute of Electric Power Industry, Japan
2 Toyo Univ. 

3 ChibaUniv.

ueta @ criepi. denken. or.j p

Field and literature surveys of earthquake faults as well as model tests were made 

to investigate the deformation of the unconsolidated sediments overlying bedrock faults. 

The summary of the results is shown below.

(1) The development pattern of shear bands strongly depends on the fault type and 

the fault dip of the basement. En echelon shear bands (dip-slip fault), three- 

dimensional shape and kinematic evolution of Riedel shears (Fig. 1), principle 

displacement shear zone (strike-slip fault), tilting and rotation blocks, and en echelon 

grabens (oblique-slip fault) were observed in the model tests.

(2) The location of the surface fault rupture strongly depends on the fault type, the 

fault dip and the thickness and density of the sand mass. In the case of the normal 

fault, the location of the surface fault rupture is just above the bedrock faults, which 

have no relationship with the fault dip (Fig. 2). On the other hand, the location of the 

surface rupture of the reverse fault has closely relationship with the fault dip. The 

horizontal distance of surface rupture from the bedrock fault (W) normalized by the 

height of sand mass (W/H) does not depend on the height of sand mass. The values of 

W/H from the test agree well with those of earthquake faults.

(3) When the fault rupture propagate to the surface through the overburden, the 

fault displacement of the reverse and strike-slip fault in the bedrock is larger than that of 

the normal fault (Fig. 3). The normalized base displacements required to propagate the 

shear rupture zone to the ground surface from the tests agree well with that of 

earthquake faults.

  88  



0
0

D
(B

as
em

en
t 

di
sp

la
ce

m
en

t)
: 

D
=6

m
m

D
=1

2m
m

Fi
g.

 1
. 

Sc
he

m
at

ic
 d

ia
gr

am
 o

f 3
D

 k
in

em
at

ic
 e

vo
lu

tio
n 

of
 R

ie
de

l s
he

ar
s 

in
 s

an
dp

ac
k 

vi
su

al
iz

ed
 b

y 
C

T 
sc

an
s.



W/H

o

-i

D V

O §

<Trench for earthquake faults in Japan> 
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Fig. 2. Variation of W/H (see key sketch) for location of surface rupture in sand pack (fault model test) 
and unconsolidated sediments (earthquake fault) over dip-slip fault as function of dip angle and 
thickness of sand pack and unconsolidated sediments.
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Fig. 3. Normalized base displacement required to propagate rupture zone to ground surface 
(D/H: see key sketch) as function of dip angle and thickness of dense sand pack.
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Recent surface-faulting events along the southern part of the 
Itoigawa-Shizuoka Tectonic Line, central Japan

Shinji Toda, Daisuke Miura, Shintaro Abe, Katsuyoshi Miyakoshi
and Daiei Inoue

Central Research Institute of Electric Power Industry, Japan 

toda@criepi.denken.or.jp

The Itoigawa-Shizuoka Tectonic Line (ISTL) is a large complex fault system of 

north trending east-dipping reverse, northwest trending left-lateral strike-slip, north 

trending west-dipping reverse faults that extends for approximately 150 km in central 

Japan (Fig. 1). The ISTL is not only one of the most active and largest faults but the 

crucial fault system for the seismic hazard assessment because of large population in the 

urban areas along it. Recent trenching studies at the north-central ISTL exhibit the 

possibility that a huge earthquake, as large as M - 8.0, involving multiple segments, has 

occurred at AD 762 or AD 841 (ca. 1200 year BP). They also suggest that the next 

earthquake reaching M 8.5 will occur at the ISTL as a whole, despite no 

paleoseismological information in the southern ISTL is available. To examine the 

possibility of such a huge shock involving the entire ISTL, we conducted several trench 

excavations across the Hakushu, Shimotsuburai, and Ichinose faults in the southern 

ISTL (Fig. 1), in which none of previous studies exposed the faults directly. We 

consequently found evidence for one or two surface-rupturing earthquakes in the 

trenches.

The Hakushu fault, 10 km in length, is located at the north region of the southern 

ISTL, and shows north trending piecemeal linear scarps. A profile of the seismic 

reflection revealed the westward low-dipping structure reaching the scarp. Daibo 

trench (Loc.2 in Fig. 1) exposed evidence for the most recent event of the Hakushu fault. 

Radiocarbon ages recovered from the sediments associated with the event indicate that 

the surface-rupturing earthquake occurred sometime between 6600 and 7100 year BP.

The Shimotsuburai fault, which extends for 12 km and sandwiched by the 

Hakushu and Ichinose faults, represents continuous sharp linear scarps. At Tozawa 

(Loc.3 in Fig. 1) and Asahimachi-Yamadera (Loc.4 in Fig. 1), the trenches exposed 

evidence for the multiple events produced by activity of the westward dipping low-
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angle thrust fault. The most recent event at both sites has a common range of the dates 

constrained into 1400 - 2400 year BP. An estimated coseismic slip along the fault is 

about 1.2m but vertical separation (throw) is about 2.5 m at Tozawa. As much as 3 m 

of the net slip is also inferred in the Asahimachi- Yamadera trench. The penultimate 

event which evidence exposed in Tozawa trench occurred sometime between 4900 and 

8400 year BP. A recurrence interval between the recent two events thus ranges 2500 

to 7000 so that about 5000-year interval is estimated as an average. It allows us to 

estimate a slip rate of the Shimotsuburai fault is less than Imm/yr, which is coincide 

with the rate inferred from previous geomorphic studies.

The Ichinose fault, which shows discontinuous linear scarps totally extending 9 

km, is located at the most southern region of the entire ISTL. Two parallel-running 

fault scarps separated as wide as 5 km intercalate widely-developed terraces, the oldest 

of which gently tilts to the west. A profile of the seismic reflection and such 

topographical features suggest that thin-skinned structure has been developing around 

the fault. Kamimiyaji trenches (Loc.5 in Fig. 1) were sited on the most frontal (basin- 

side) scarp of 1.5 - 2.5 m high, and exposed evidence for the recent two thrust-faulting 

events. Despite some artificial disturbance near the surface, we estimate that the most 

recent event on the Ichinose fault occurred at from 4100 to 6100 year BP. Offset of 

the strata in the trench indicated that coseismic displacement is about 2 m. The timing 

of the penultimate event identified as a colluvial wedge is constrained into between 

9600 and 11000 year BP. A coseismic slip at that time is almost the same as the recent 

one. A recurrence interval between the recent two events ranges 3500 to 6900 years, 

so that about 5000-year interval is estimated as an average. Thus, the slip rate of the 

Ichinose fault is about 0.5 mm/yr if we ignore some amounts of the plastic deformation 

and slip on the other lineaments.

We now put these results into the time-space diagram of rupture history of the 

ISTL (Fig. 2). It allows us to examine the possibility of the seismic coupling among 

the three parts (several geometric segments) of the ISTL. Regarding the timing of the 

most recent event, there is no evidence for the historically-documented AD 762 and 841 

earthquakes in trenches of the southern part, although simultaneous ruptures involving 

multiple segments are still suggested in central to northern parts of the ISTL. The 

average recurrence intervals of about 5000 years in the southern ISTL are obviously 

longer than those of about 700 - 3000 years in the central and northern ones. Also, 

slip rates of the faults in the south are slower than those in the central and northern parts. 

In addition to these paleoseismological data, seismic reflection profiles revealed that the
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faults in the southern part are thrust faults dip 20° - 30° to the west, in contrast to the 

left-lateral strike-slip faults in the central part. These facts fundamentally suggest that 

the thrust faults in the southern ISTL have never ruptured with the strike-slip faults in 

the central one during the past 10,000 years. Such a weak coupling between both parts 

implies that probability of the huge earthquake by entire rupture of the ISTL is 

extremely low even there is a possibility of the multiple ruptures of the central and 

northern parts. As long as the space-time diagram in Fig. 2 is concerned in detail, 

however, the possibility of the simultaneous dynamic ruptures of the central and 

southern parts still remains around 7000 years ago. We thus might need to seek the 

possibility of the synchronisation and stress triggering related to it.

From the viewpoint of the tectonic deformation in central Japan, the strain 

partitioning might occur if the east-west crustal shortening has been continuing during 

the Quaternary time. In other words, the ISTL is no longer responsible for the entire 

deformation around the area. Instead, some thrust faults extending parallel to the 

northern and southern ISTL accommodate the east-west compressional strain (see an 

inset map in Fig. 1) so that slip rate of the southern part of the ISTL is much slower than 

the central part, around which there is a few minor strike-slip faults to accommodate the 

strain.
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137° 139°

Shimotsuburai fault:
3. Tozawa
4. Asahimachi-yamadera

Ichinose fault:
5. Kamimiyaji
6. Nishiochiai

35°

Hakushu fault:
1. Kamikyoraishi
2. Daibo

Figure 1. (a) Distribution of the Itoigawa-Shizuoka Tectonic Line (ISTL) active fault 
system in central Japan, (b) Study faults and trench excavation sites in the southern 
part of the ISTL.
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Faulting processes of the 1955 Futatsui Earthquake (M=5.9) ,
Akita Prefecture, inferred from 

pre- and coseismic elevation changes

Taku Komatsubara and Yasuo Awata

Geological Survey of Japan

komatsub @ gsj. go.j p

The Futatsui earthquake of October 19, 1955 occurred in the north Dewa Hills, in 

the Inner Arc of the Northeastern Honshu Arc (Fig. 1). This earthquake was not so 

large (M=5.9); however, pre- and coseismic elevation changes were observed by 

precise leveling (Miyamura and Okada, 1956). We try to restore the faulting processes 

based on these leveling data.

1. Leveling data

First-order leveling surveys were done in 1902, 1938, 1942, 1949, 1955 (after the 

earthquake), 1959 and after that, crossing the epicenter of the 1955 earthquake. They 

indicate the following crustal movements.

  1902 to 1942: Gentle warping consistent with the folding of Neogene had occurred, 

but no distinct tilting occurred near the epicenter.

  1942 to 1949: 6x10~6 eastward tilting had occurred in a several-km-wide zone west of 

the 1955 epicenter.

  1949 to 1955 (just after the earthquake), 1959 : SxlO'6 westward tilting had occurred 

in the same zone where the eastward tilting had occurred during the last leveling 

interval. Height change between 1938 and 1955 indicates that about 14 cm uplifting 

at the epicenter toward the eastern side of Nanakura Anticline occurred with 

asymmetrical folding.

  After 1959: No distinct crustal movement has been observed.

2. Analysis by elastic dislocation model

Simple static, elastic dislocation theory is applied for restoring processes of fault 

movements (Fig. 3). In this study it is assumed that the geometry of the fault plane is 

approximated with a combination of several rectangular fault segments; slip is uniform
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over each segment. The formulation was derived by Mansinha and Smylie (1971), on 

the assumption that the upper crust is a homogenous elastic body whose Poisson's ratio 

is 0.25. We determined fault parameters (Table 1) by a trial and error method. Four 

models were tried.

  Model 1 (High angle reverse fault and flat detachment in the middle part of the 

seismogenic layer): This model makes a good fit between the observed and calculated 

values, and the reverse dipping between 1942 and 49 is interpreted as a preslip on the 

detachment. But there is no evidence of detachment in the middle part of the 

seismogenic layer (Fig. 4). Note that in this model the width and slip should be 

larger on the deep detachment than on the shallow reverse fault.

  Model 2 (Listric reverse fault; the deeper end lying at the bottom of the seismogenic 

layer (about 20km in depth)): This model is in conformity with the observed values on 

the hanging wall side, but is not able to explain the narrow depression at the footwall 

side (Fig. 5).

  Model 3 (Listric reverse fault with flat detachment at the base of the seismogenic 

layer): This model is the most possible fault geometry among these four models from 

the geological point of view (Fig. 6). But this model fault makes a similar 

displacement to Model 2.

  Model 4 (Step-like reverse fault with terrace at the middle part of the seismogenic 

layer): This model makes a good fit between the observed and calculated. Nearly 

constant slip makes surface displacement same as the observed values in this model 

(Fig. 7). The flat terrace should lie in the middle part of the seismogenic layer.

3. Discussion

These calculations suggest that a flat detachment or terrace on the fault may lie in 

the middle part of the seismogenic layer, or the observed height changes might be 

anomalous in the footwall side.

If the former is true, our Model 1 and 4 mean that depth of the detachment in the 

middle part of seismogenic layer may correspond to the base of Neogene.

If the later is true, our Model 2 and 3 suggest preseismic slip at the base or in the 

lower part of the seismogenic layer is larger than that on the reverse fault in the 

shallower part. Two benchmarks in the footwall side of the fault are just on the fault 

and large scale landslide area, thus the elevation change at these points might be 

influenced by these surface disturbance.
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In any case, these leveling data show that even such moderate sized earthquake 

accompanied preseismic crustal movement. They suggest that preseismic slips on the 

detachment started 6 to 13 years before earthquake, then the slip propagated to 

shallower part, and that the preslip on the deeper fault segments may be larger than the 

coseismic slip on the shallower segments.

Reference

Miyamura, M. and A. Okada, 1956, Geodetic measurements of first order leveling along 

the Yoneshiro River. (Third Report), Bull. Earthq. Res. Inst. Univ. Tokyo, 34, 

373-380 (in Japanese with Germany Abstract).

Mansinha, L. and D. E. Smylie, 1971, The displacement field of inclined faults, Bull 

SeismoL Bull Am., 67,1433-1440.
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Table 1 Parameters of model faults

Fault Model
Depth (km)

MocHJ 
0-7
7-8
8-15

Moclei2:
0-1

1-7.5

7.5-15
Mpdel3
0-1

1-7.5
7.5-15
15-20

 
0-5

5-6.5
6.5-15

Dip Angle

75*
5*
5*

60°
45*

45°

60*
45*
45'
5*

75*
15*
60*

Length (km)

2
8
8

4
4

4

4
4
4
4

*
4
4
6

Offset (mm)

160
200
300

170
170

400

170
170
400
800

160
200
250

Term of
Faulting

1955-49
1955-49
1 949-42

1955-49
1955-49

1 949-42

1955-49
1955-49
1 949-42
1 949-42

<f

1955-49
1955-49
1949-42

Epicenter of the
1955 Futasui Earthquake

100 km

Figure 1. Epicenter of the 19 December 
1955 Futatsui earthquake (140.18°E, 
40.27°N).
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Model 1
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  1955-49 Calculated
  1949-42 Calculated
* 1955,59-38 Observed
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Figure 4. Observed elevation changes and calculated deformation by 
Fault model 1.

Model 2
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Figure 5. Observed elevation changes and calculated deformation by 
Fault model 2.
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Figure 6. Observed elevation changes and calculated deformation by 
Fault model 3.
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Figure 7. Observed elevation changes and calculated deformation by 
Fault model 4.
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Subaqueous sand blow deposits induced by the 1995 
Southern Hyogo Prefecture (Kobe) earthquake, Japan
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The 1995 Southern Hyogo Prefecture (Kobe) earthquake (Ml.,2) occurred in the 

region around Kobe City and Awaji Island in Southwest Japan. Coseismic 

liquefaction caused subsidence of the land and damage to sea wall caissons on the man- 

made Port Island at Kobe City. A 2- to 3-m-wide zone behind the caissons of the 

northern wharf on the island subsided into the intertidal zone. Subaqueous sand blow 

deposits were observed within the subsided area. These deposits consist of upward- 

fining sequences and are subdivided into three parts, in ascending order: graded coarse- 

to medium-grained sand, parallel-laminated fine- to very-fine-grained sand, and massive 

mud. Grain fabric analysis of this sequence shows that the main depositional processes 

changed from a combination of flow and allied processes to the force of gravity. Still 

water is essential for gravity to be the dominant influence in deposition. Because 

subaerial sand blow deposits and sills were not formed by sedimentation in still water, 

the grain fabric produced by gravity alone is a useful criterion for distinguishing 

between subaqueous sand blow deposits and other liquefaction-induced deposits.
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